University of Montana

ScholarWorks at University of Montana
Graduate Student Theses, Dissertations, &
Professional Papers

Graduate School

2019

Modulation of cytochrome c’s peroxidase activity
by Ω-loops C and D in monomers and dimers
Haotian Lei

Let us know how access to this document benefits you.
Follow this and additional works at: https://scholarworks.umt.edu/etd
Recommended Citation
Lei, Haotian, "Modulation of cytochrome c’s peroxidase activity by Ω-loops C and D in monomers and dimers" (2019). Graduate
Student Theses, Dissertations, & Professional Papers. 11436.
https://scholarworks.umt.edu/etd/11436

This Dissertation is brought to you for free and open access by the Graduate School at ScholarWorks at University of Montana. It has been accepted for
inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an authorized administrator of ScholarWorks at University of Montana.
For more information, please contact scholarworks@mso.umt.edu.

Modulation of cytochrome c’s peroxidase activity by Ω-loops C and D in monomers
and dimers
By
Haotian Lei
B.S., Physics, Delaware State University, Dover, DE, 19901, USA, 2014
Dissertation
Presented in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
In Biochemistry & Biophysics
The University of Montana
Missoula, MT
August 2019
Approved by:

Dr. Scott Whittenberg, Dean of the Graduate School, Graduate School
Dr. Bruce E. Bowler, Committee Chairperson, Department of Chemistry & Biochemistry
Dr. Stephen Lodmell, Committee Member, Division of Biological Sciences
Dr. J.B. Alexander Ross, Committee Member, Department of Chemistry & Biochemistry
Dr. Christopher Palmer, Committee Member, Department of Chemistry & Biochemistry
Dr. Dong Wang, Committee Member, Department of Chemistry & Biochemistry

i

Abstract
Lei, Haotian. Ph. D., Summer 2019

Biochemitry & Biophysics

Modulation of cytochrome c’s peroxidase activity by Ω-loops C and D in monomers and
dimers
Chairperson: Bruce E. Bowler
Mitochondrial cytochrome c is a heme containing protein with flexible heme
ligation. Cytochrome c in its native state with Met80 bound to the heme is an electron
shuttle in the electron transport chain. Under apoptotic stimuli, cytochrome c oxidizes the
mitochondrial lipid cardiolipin, leading to the release of pro-apoptotic factors into the
cytoplasm. To oxidize cardiolipin, Met80 in Ω-loop D must be dissociated from the heme
iron, which allows cytochrome c to obtain access to alternative conformers. Two
segments of cytochrome c, namely Ω-loops C and D, have been suggested to be
important in regulating the dissociation of Met80. Unlike most residues in Ω-loop D,
positions 81 and 83 have evolve to more sterically demanding residues in higher
eukaryotes, leading to a 30-fold decrease in peroxidase activity. We study the effects of
evolutionary substitutions at positions 81 and 83 in both human and yeast iso-1
cytochrome c. The side chain volumes at positions 81 and 83 do not fully account for the
difference in the peroxidase activity between human and yeast iso-1 cytochrome c,
indicating that other segments of cytochrome c contribute significantly to the low
intrinsic peroxidase activity of human cytochrome c. All naturally occurring diseaserelated mutations, namely G41S, Y48H, and A51V, of human cytochrome c, which
contain abnormally high peroxidase activity, are located in Ω-loop C, suggesting that Ωloop C is an important modulator of the peroxidase activity. Investigating the disease
mutation, A51V, in human cytochrome c significantly destabilizes Ω-loop D, resulting in
enhancement of peroxidase activity. Dimeric cytochrome c with an open heme
coordination site has been suggested to mediate the peroxidase activity in the early stage
of apoptosis. We have recently solved a structure of human dimeric cytochrome c,
demonstrating that the heme ligation in dimeric cytochrome c is pH dependent, providing
a pH-inducible switch that controls the peroxidase activity of the human dimer near
physiological pH.
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CHAPTER 1: Introduction

1

CHAPTER 1: Introduction
Cytchrome c structure and biological functions. Mitochondrial cytochrome c (Cytc) is
a small, globular metalloprotein. The primary function of Cytc is to shuttle electrons from
the cytochrome bc1 complex (Complex III) to cytochrome c oxidase (Complex IV) in the
electron transport chain in the intermembrane space of the mitochondria.1,2 Cytc contains
a single covalently attached heme group. Cys14 and Cys17 covalently bind to the heme
via two thioether bonds, while His18 and Met80 are the axial ligands of the heme iron.3
Thus, the heme iron is six-coordinate and is in a low spin state. Moreover, given that the
heme ligands remain the same in both the ferric state
and ferrous state, Cytc can rapidly shuttle between
oxidation states, making it an efficient electron
transporter.2
In 1996, it was discovered that Cytc serves as
an important mediator of the intrinsic pathway of
apoptosis.4 Normally, Cytc resides at the
mitochondrial intermembrane space anchored by the
mitochondrial lipid cardiolipin (CL). Under apoptotic
stimuli, including lack of survival factors, oxidative
stress and etc,5 Cytc is converted from an electron

Figure 1.1 Cartoon
representation of Cytc’s role in
the intrinsic apoptotic
pathway.2

shuttle to a peroxidase, enabling Cytc to oxidize CL. It is believed that peroxidation of
CL by Cytc is an early signal that triggers intrinsic apoptosis. The affinity between
oxidized CL and Cytc is significantly reduced,2 promoting the release of Cytc into the
cytosol, where it binds to apoptotic protease activating factor 1 (Apaf-1) to form a large

2

complex called the apoptosome (Figure 1.1). The apoptosome can recruit and activate
inactive pro-caspase-9, ultimately leading to cell death.
How cytochrome c evolves to become an on/off switch for intrinsic apoptosis. In this
dissertation, we utilize yeast iso-1 and
human Cytc as models to study
evolutionary effects particularly on
peroxidase activity. The sequences of
yeast iso-1 and human Cytc share about

45% identity.6 The overall tertiary structure
between yeast iso-1 and human Cytc is highly
similar with overall Cα root-mean-square-

Figure 1.2 Structural overlay
between yeast iso-1-Cytc (PDB
Entry 2YCC, gray) and human
Cytc (PDB Entry 3ZCF, salmon
red).

deviation being 0.41 Å (overlay between
2YCC and 3ZCF, Figure 1.2). Yeast iso-1-Cytc has substantially higher intrinsic
peroxidase activity than human Cytc.7,8 Yeast lacks components of the intrinsic apoptotic
pathway, so it is not necessary for yeast iso-1-Cytc to maintain an effective off-state.9 On
the other hand, given that Cytc in higher eukaryotes is an essential agent for initiating the
intrinsic apoptotic pathway, the peroxidase activity of human Cytc must be strictly
regulated. How the sequence of Cytc evolved to attenuate its intrinsic peroxidase activity
was poorly understood when the research in this dissertation began.10,11,12

3

Foldon theory. Cytc has been served as a great
model system to study protein folding. Englander
and colleagues carried out pioneering studies of Cytc
folding using hydrogen exchange (HX) methods, and
their work led to foldon theory.13,14,15 Their data
indicate that Cytc
Figure 1.3. Cartoon
representation of color-coded
foldon units of Cytc.13

can has five
foldons that fold in

a stepwise all-or-none manner (Figure 1.3). To fold in a
stepwise all- or-none manner, each folded foldon assists
subsequent folding of the next foldon. In this dissertation,
we are particularly interested in omega loop D (residues 71
to 85, red in Figure 1.3) and omega loop C (residues 40 to
57, gray in Figure 1.3), which sit at the bottom of the Cytc
folding energy funnel, and control access to the heme
crevice. Work in this dissertation is built on the
Figure 1.4. (Top) The average
solution structure of the K79A
variant (represented in red) is
compared to the average
solution structure of the native
protein (represented in gray).
(Bottom) The close-up view of
the heme moiety and axial
ligands (blue for the native
protein and orange for the K79A
variant).17

hypothesis that the evolutionary changes in the
primary structure of these omega loops between
yeast iso-1 and human Cytc have led to attenuation
of the intrinsic peroxidase activity of Cytc.
Akaline and acidic transition of cytochrome c.
The alkaline transition of Cytc was discovered by

Theorell and Åkenson in 194116 and since then has served as a great model system to
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investigate protein conformational transitions. Cytc in its native state (state III) contains
Met80-heme ligation, which yields a distinct band at 695 nm in the electronic absorption
spectrum. The distinct feature of the alkaline transition is a loss of the 695 nm band,
suggesting the loss of Met80-heme ligation.17,18,19 During the alkaline transition, one of
the Lys residues from omega loop D displaces Met80-heme ligation (Figure 1.4), leading
to a loss of the 695 nm band (state IV). It is noted that this phenomenon is only observed
for ferric Cytc. On the other hand, pH-dependent conformational changes for ferrous
Cytc can only be observed at extreme pH values, and none of these are analogous to the
ferric state alkaline transition.16 One interpretation for this phenomenon is that the nature
of the ferrous form is less conformationally flexible.20 The alkaline transition reports on
the stability of omega loop D and is modulated by the dynamics of both omega loops C
and D.13,15,21,7 It will be an important tool in analyzing the effects of mutations on the
peroxidase activity of Cytc in this dissertation. However, it is noted that this wellestablished theory has been challenged by recent work from Solomon and colleagues who
applied inelastic X-ray scattering spectroscopy to measure the bond strength of the FeS(Met80).22 The work indicates that Fe3+-S(Met80) is stronger than Fe2+-S(Met80). A
further pH increase leads to an additional conformational transition from state IV to state
V. Spectroscopic studies suggest that heme ligation switches from Lys-heme to
hydroxide-heme in state V.23
Besides the alkaline transition, Cytc has been known to undergo a conformational
transition at the acidic end of the pH scale.24,11,10,25,26 Given that the pH of the
intermembrane space of mitochondria is more acidic (pH = 6.88 ± 0.08) than the matrix
(pH = 7.8 ± 0.3) or the cytosol (pH = 7.59 ± 0.01),27 it is important to determine the
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intrinsic stability of the acidic conformer relative to the native conformer. It is noted that
the nature of the acidic transition is complex.25,28 Addition of sufficient acid results in
loss of the tertiary structure of Cytc and Met80-heme ligation with partial retention of
secondary structure. A high spin 6-coordinated heme species is dominant at low pH,
yielding a strong peak at 622 nm in the electronic absorption spectrum. Further addition
of acid leads to the formation of a highly structured native-like molten globular state with
a mixture of high spin and low spin heme species.29,28 The stability of the molten globular
state correlates well with the stability of the native conformer.30 Given the more acidic
environment of the intermembrane space and the association of high spin heme with
peroxidase activity, acid unfolding will also be an important tool in this dissertation for
analyzing the effects of mutations on the peroxidase activity of Cytc.
Naturally occurring mutations of cytochrome c. Given the essentiality of Cytc, only a
few naturally occurring mutations have been documented in humans. To date, there are
three known pathogenic Cytc mutations, namely G41S, Y48H and A51V,31,32,33 and the
patients who carry those mutations present thrombocytopenia 4 (THC4; OMIM 612004).
THC4 is an inherited autosomal disease whose symptom is a decrease in the number of
platelets in circulating blood. These naturally occurring Cytc mutations have attracted
particular interest and G41S and Y48H variants have been studied extensively.34,35,36
Both G41S and Y48H human Cytc variants exhibit increased dynamics of Ω-loop C
(residues 40 to 57) and Ω-loop D (residues 71 to 85),36,34,35 leading to dissociation of
Met80 from the heme and a more accessible alkaline conformer that is consistent with the
observed enhancement of the peroxidase activity of both variants. It was once proposed
that the cause of THC4 is the enhanced peroxidase activity of THC4-linked Cytc
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mutations. However, recent in vivo studies suggest that the enhanced peroxidase activity
of THC4-linked Cytc mutations is unlikely the cause of THC4.33 Thus, further
investigations are required to fully elucidate the correlation between THC4-linked Cytc
mutations and THC4. In this dissertation, we characterize the structure, stability,
dynamics and peroxidase
activity of the A51V
variant of human Cytc.
How cytochrome c and

Figure 1.5. Top: Structure of dimeric yeast iso-1-Cytc in complex with CYMAL-5.
Bottom: Cartoon representation of different Cytc conformers on the surface of a
CL-containing membrane.37,43
cardiolipin interact. Interaction between Cytc and CL determines the fate of the cell.
However, the Cytc/CL interaction is not fully elucidated, and there are several models
proposed. More specifically, models can be divided into two broad categories: either
monomeric or dimeric Cytc conformers mediate intrinsic peroxidase activity.
Spectroscopic studies that employ time-resolved fluorescence resonance energy transfer
(FRET) on monomeric Cytc labeled with dansyl, allowing estimation of the degree of
protein unfolding suggest that there is a heterogeneous ensemble of compact and
extended conformers of CL-bound Cytc (Figure 1.5).37 Spectroscopic studies using
7

circular dichroism and Trp59 fluorescence to monitor Cytc binding to CL liposomes
demonstrate an extended conformer at high lipid to protein ratio.38,39,40 A recent solidstate NMR study of monomeric equine Cytc shows Cytc remains folded while interacting
with CL, but is dynamically perturbed.41 A solution NMR study of monomeric equine
Cytc in the presence of reverse micelles shows that Cytc remains folded, too.42 Regarding
dimeric models of interaction, we have shown that detergents that serve as structural
mimics of CL can trigger the dimerization of monomeric iso-1-Cytc during
crystallization, leading to a hexa-coordinated heme configuration with H2O replaces
Met80 as a ligand to the heme (Figure 1.5).43 Structural studies of dimeric equine Cytc
show that the axial Met80 ligand dissociates from the heme iron, creating an open heme
coordination site that allows external ligands to bind to the heme.44 In this dissertation,
we study the structural and physical properties of dimeric human Cytc to further test the
hypothesis that this form of Cytc could mediate peroxidase activity in the early stage of
intrinsic apoptosis.

GOALS
In this dissertation, two hypotheses are tested. The first hypothesis is that
evolution of the primary structure of omega loops C and D has attenuated the intrinsic
peroxidase activity of Cytc to provide an effective off-state for the peroxidase signaling
switch in the early stages of apoptosis. The second hypothesis is that the open
coordination site of dimeric Cytc could be an important mediator of the peroxidase
activity of Cytc needed in the early stages of apoptosis.
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Goal 1: Investigate how Cytc evolves to become an on/off switch for intrinsic
apoptosis. Chapters 2 and 3 focus on the role of the steric size of the side chains at
sequences positions 81 and 83 in Ω-loop D in modulating the peroxidase activity of Cytc
in the yeast and human proteins, respectively. The residues at these positions evolve from
smaller to larger residues between the yeast and human proteins. These sequence
positions in Ω-loop D also move significantly in an alternate conformer of yeast iso-1Cytc without Met80-heme ligation.8
Goal 2: Characterize the naturally occurring A51V human Cytc variant, which
leads to THC4. Chapter 4 focuses on the characterization of effect of the naturally
occurring disease-related A51V mutation on the structure and the dynamics of human
Cytc. Similar to other two well characterized naturally occurring human Cytc variants,
the A51V mutation has little effect on the native conformer structure but increase the
dynamics of human Cytc.
Goal 3: Investigate how human dimeric Cytc mediates peroxidase activity in the
early stages of intrinsic apoptosis. Chapter 5 focuses on the role of dimeric Cytc in the
early stages of intrinsic apoptotic pathway. Detergents, which serve as structural mimics
of CL, can spur dimerization of yeast iso-1-Cytc under crystallization conditions.43 The
heme configuration in previously reported dimeric Cytc structures (PDB entry 5KKE,
5T7H, 5KLU, and 3NBS) is capable to carry out peroxidase activity.43,44
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ABSTRACT:
Structural studies of yeast iso-1-cytochrome c (L.J. McClelland, T.-C. Mou, M.E.
Jeakins-Cooley, S.R. Sprang, B.E. Bowler, Proc. Natl. Acad. Sci. U.S.A. 111 (2014)
6648-6653) show that modest movement of -loop D (residues 70 – 85, average RMSD
versus the native structure: 0.81 Å) permits loss of Met80-heme ligation creating an
available coordination site to catalyze the peroxidase activity mediated by cytochrome c
early in apoptosis. However, Ala81 and Gly83 move significantly (RMSDs of 2.18 and
1.26 Å, respectively). Ala81 and Gly83 evolve to Ile and Val, respectively, in human
cytochrome c and peroxidase activity decreases 30-fold relative to the yeast protein. To
test the hypothesis that these residues evolved to restrict the peroxidase activity of
cytochrome c, A81I and G83V variants of yeast iso-1-cytochrome c were prepared. For
both variants, the apparent pKa of the alkaline transition increases by 0.2 to 0.3 relative to
the wild type (WT) protein and the rate of opening the heme crevice is slowed. The
cooperativity of acid unfolding is decreased for the G83V variant. At pH 7 and 8, the
catalytic rate constant, kcat, for the peroxidase activity of both variants decreases relative
to WT, consistent with the effects on alkaline isomerization. Below pH 7, the loss in the
cooperativity of acid unfolding causes kcat for peroxidase activity to increase for the
G83V variant relative to WT. Neither variant decreases kcat to the level of the human
protein, indicating that other residues also contribute to the low peroxidase activity of
human cytochrome c.

Key Words
Cytochrome c; Peroxidase activity, Alkaline conformational transition, Acid unfolding,
Apoptosis
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INTRODUCTION
For many years, cytochrome c, Cytc, was believed to act solely as an electron carrier
in the electron transport chain, moving electrons between two membrane bound
complexes, cytochrome c reductase and cytochrome c oxidase.1 In 1996, it was
discovered that Cytc is also an important signaling agent in the intrinsic pathway of
apoptosis,2 being an essential component of the apoptosome, which activates caspase 9
ultimately leading to cell death.3 Recent work has shown that Cytc also is
phosphorylated, which appears to regulate its function in both electron transport and
apoptosis. Furthermore, the earliest signal in apoptosis may involve peroxidation of the
inner mitochondrial membrane lipid, cardiolipin (CL), when it is bound to Cytc.4 The
oxidized CL is trafficked to the outer mitochondrial membrane where it facilitates release
of Cytc into the cytoplasm followed by binding of Cytc to Apaf-1 to form the
apoptosome.
To be an effective signaling switch, the intrinsic peroxidase activity of Cytc must be
low, to prevent adventitious oxidation of CL. Yeast, a species which lacks components of
the apoptotic pathway,5 has Cytc with a 20- to 30-fold higher intrinsic peroxidase activity
than horse or human Cytc.6,7,8 This observation suggests that Cytc has evolved to limit its
intrinsic peroxidase activity, so that the earliest signal in the intrinsic pathway of
apoptosis is a more effective on/off switch in higher eukaryotes. Several naturally
occurring variants of human Cytc that are linked to thrombocytopenia have been
identified.9 Two of these, Y48H and G41S, have been shown to have higher intrinsic
peroxidase activity.10,11 These Cytc variants also show higher apoptotic activity.9,12,13
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However, the enhanced apoptotic activity of the G41S variant may not be related to the
thrombocytopenia it induces.14
To show increased peroxidase activity, Cytc must undergo a conformational change
that produces an open coordination site. In recent structural studies, we have shown that a
relative modest movement of -loop D (residues 70 – 85) is sufficient to cause loss of
Met80 ligation to the heme.7 Besides Met80, the residues at positions 81 and 83 of yeast
iso-1-Cytc show the largest displacement of the backbone when Met80 is expelled from
the heme crevice (Fig. 1). The sequence of -loop D is the most highly conserved
segment of the primary structure of Cytc.15,16 However, residue 81 evolves from Ala in
yeast to Val in plants and some insects and Ile in vertebrates17 and residue 83 evolves
from Gly in yeast to Ala and Val in higher eukaryotes15,16. Given the lower intrinsic
peroxidase activity of mammalian cytochromes c relative to yeast iso-1-Cytc,6,7,8 we
proposed that in higher eukaryotes the residues at these positions may have evolved to
sterically larger amino acid side chains that inhibit the dynamic motions necessary for
peroxidase activity.7
To test this hypothesis, we have substituted the residues at positions 81 and 83 of
yeast iso-1-Cytc with the amino acids found at these positions in human Cytc (Fig. 1).
We have evaluated the effect of the A81I and G83V substitutions on the thermodynamics
and kinetics of the alkaline transition, acid unfolding, guanidine hydrochloride (GdnHCl)
unfolding and the peroxidase activity of iso-1-Cytc. We find that these substitutions
decrease peroxidase activity relative to wild type (WT) iso-1-Cytc at pH 7 and above and
slow the dynamics of the alkaline transition, consistent with our hypothesis. However, at
lower pH the peroxidase activity of the G83V variant is enhanced relative to WT iso-1-
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Cytc, apparently because of the decrease in the cooperativity of acid unfolding resulting
from this
substitution.

MATERIALS AND
METHODS
Mutagenesis and
protein
purification. G83V
and G83V-r, A81I
and A81I-r
mutagenesis primers
Figure. 2.1. Structure of yeast iso-1-Cytc (pale cyan, PDB code: 2YCC61) with -loop D
shown in red and -loop C shown in beige. -loop D from human Cytc (salmon, PDB
code: 3ZCF, chain A38) and from the iso-1-Cytc with Met80 expelled from the heme
pocket (light gray, PDB code: 4MU8, chain A7). The A81I and G83V substitution sites are
labelled. At position 81 the Ile side chain from the human (salmon) structure and the Ala
sides chains from the yeast (light gray) structures are shown as stick models. A position 83
the Val side chain from the human structure is shown as a salmon stick model. Met80 from
both yeast structures and His18, the heme and trimethyllysine72 (tmK72) from the native
state yeast iso-1-Cytc structure are shown as stick models colored by element.
(Invitrogen; see Table S1) were used to add the A81I and G83V mutations via PCRbased mutagenesis to the WT iso-1-cytochrome c (iso-1-Cytc) gene in the pRbs_BTR1
expression vector.18 The pRbs_BTR1 expression vector is a derivative of the pBTR1
expression vector19,20 with an optimized ribosomal binding sequence. It co-expresses
yeast heme lyase allowing covalent attachment of heme to the CXXCH heme attachment
sequence of iso-1-Cytc in the cytoplasm of Escherichia coli. The gene for WT iso-1-Cytc
21

carries a mutation that produces a C102S substitution, which prevents disulfide
dimerization during physical studies. It also codes for the wild type residue, Lys72.
Expression in E. coli does not lead to trimethylation of Lys72 as occurs in the native host
Saccharomyces cerevisiae.19 Sequencing to confirm the A81I and G83V mutations was
performed by Eurofins Genomics (Louisville, KY) or the Genomics Core Facility at the
University of Montana.
The WT iso-1-Cytc and the A81I and G83V variants were expressed in BL21(DE3)
E. coli cells carrying the corresponding pRbs_BTR1 vector.18,21,22 Purification was
carried out as previously reported.22,23,24,25 Briefly, cells were broken using a Q700
sonicator (Qsonica, LLC), and the lysate was cleared via centrifugation. Following 50%
ammonium sulfate saturation, precipitates were again cleared via centrifugation, and the
supernatant was dialyzed against 12.5 mM sodium phosphate, pH 7.2, 1 mM EDTA,
2mM β-mercaptoethanol (β-ME). Protein was then batch absorbed to CM-Sepharose Fast
Flow resin pre-equilibrated to 50 mM sodium phosphate buffer, pH 7.2, 1 mM EDTA, 2
mM β-ME, and then eluted with a linear gradient of 0-0.8 M NaCl in 50 mM sodium
phosphate buffer, pH 7.2, 1 mM EDTA, 2 mM β-ME. After concentration and exchange
into 50 mM sodium phosphate at pH 7 by ultrafiltration, 1.5 mL aliquots of ~3 mg/mL
protein were flash frozen in liquid nitrogen and stored at -80 °C. Aliquots were thawed
for cation-exchange HPLC purification with an Agilent Technologies 1200 series HPLC
and a Bio-Rad UNO S6 column (catalog no. 720−0023), as previously described.22
Protein samples were concentrated by ultrafiltration and oxidized with K3[Fe(CN)6],
followed by separation of oxidized Cytc from the oxidizing agent using a G25 Sephadex
column.
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Global stability measurements by guanidine hydrochloride denaturation. Global
stability measurements were performed using GdnHCl as a denaturant. Measurements
were performed with an Applied Photophysics Chirascan circular dichroism (CD)
spectrometer coupled to a Hamilton Microlab 500 Titrator at 25 °C, as previously
discussed.22,26 Briefly, the G83V variant at 4 μM or the A81I variant at 8 M in 20 mM
Tris, pH 7.5, 40 mM NaCl and ~6 M GdnHCl was titrated into protein at the same
concentration in 20 mM Tris, pH 7.5, 40 mM NaCl in a 4 mm pathlength cuvette
containing a stir bar. After each addition, the sample was stirred to mix, followed by data
collection at 222 and 250 nm. Baseline correction was accomplished by subtracting the
ellipticity at 250 nm from the ellipticity at 222 nm (θ222corr = θ222 − θ250). Plots of θ222corr
versus GdnHCl concentration for A81I and G83V variants were fit to a two-state model,
assuming a linear free energy relationship and a native state baseline that is independent
of GdnHCl concentration using nonlinear least-squares methods (SigmaPlot v. 13; Systat
Software, Inc.), as previously outlined.27 The free energy of unfolding in the absence of
denaturant, ΔGu°'(H2O), and the m-value were extracted from these fits. Parameters are
the average and standard deviation of a minimum of three independent trials.
Measurement of the alkaline conformational transition. A Beckman Coulter DU 800
spectrophotometer was used for pH titrations monitored at 695 nm and 22 ± 3 °C to
measure the alkaline conformational transition, as previously described.28 Briefly, a 600
μL solution of 200 μM oxidized G83V variant in 200 mM NaCl was prepared (2× G83V
stock). The 2× G83V stock and Milli-Q water were mixed 1:1 to produce a solution of
100 μM oxidized G83V in 100 mM NaCl. For the A81I variant, a 600 μL solution of 400
μM oxidized A81I variant in 200 mM NaCl was prepared (2× A81I stock). The 2× A81I
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stock and Milli-Q water were mixed 1:1 to produce a solution of 200 μM oxidized A81I
variant in 100 mM NaCl. pH titrations were carried out by adding equal volumes of either
NaOH or HCl solutions of appropriate concentration and the 2× G83V or 2× A81I stock,
as appropriate, to maintain a constant protein concentration throughout the titration. pH
was measured with a Denver Instrument UB-10 pH/mV meter using an Accumet double
junction semi-micro pH probe (Fisher Scientific Cat. No. 13-620-852). Absorbance at
750 nm was subtracted from absorbance at 695 nm to correct for baseline drift (A695corr =
A695 − A750).
Plots of A695corr versus pH for the A81I and G83V variants were fit to a modified
form of the Henderson−Hasselbalch equation, Eq. 1.

(2.1) 𝐴695corr =

𝐴N + 𝐴Alk × 10𝑛[p𝐾app − pH]
1 + 10𝑛[p𝐾app − pH]

In Eq 1, AN is corrected absorbance at 695 nm for the native state with Met80 bound to
the heme, Aalk is the corrected absorbance at 695 nm for the alkaline state with either
Lys72, Lys73 or Lys79 as the alkaline state heme ligand,19 pKapp is the apparent pKa of
the alkaline transition, and n is the number of protons linked to the alkaline transition.
pH jump stopped-flow kinetics of the alkaline transition. As previously reported,29 pH
jump stopped-flow experiments were executed at 25 °C using an Applied Photophysics
SX20 stopped-flow spectrometer. A total of 5000 data points were collected on a
logarithmic time scale monitoring at 398 nm or 406 nm. Short, 1 s, time scale trials were
collected with pressure hold to reduce drive syringe recoil artifacts. Long, 50−100 s, time
scale trials were employed to capture the entire alkaline conformational transition. Both
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upward and downward pH jump data were collected in increments of 0.25 pH units.
Initial sample conditions for upward pH jumps were 20 μM iso-1-Cytc in 100 mM NaCl
(pH 6), which was mixed in a 1:1 ratio with 20 mM buffer of the desired pH (pH 7.5-11)
in 100 mM NaCl. Downward pH jumps were carried out in a similar manner beginning at
pH 10 and jumping to the pH regime 6-7.75. Effluent was collected, and the final pH was
measured with a Denver Instrument UB-10 pH/mV meter using an Accumet double
junction semi-micro pH probe. Buffers were as follows: MES (pH 6.0−6.5), NaH2PO4
(pH 6.75−7.5), Tris (pH 7.75−8.75), H3BO3 (pH 9−10), and CAPS (pH 10-11). A
minimum of 5 consecutive kinetic traces were collected at each pH. Data were fit to the
appropriate exponential function with SigmaPlot v. 13.
Acid unfolding of WT and variant iso-1-Cytc. Acid unfolding of protein was
monitored between 500 nm and 750 nm with a Beckman Coulter DU 800
spectrophotometer. The initial sample was prepared in the same manner as for
measurements of the alkaline conformational transition. A 2× stock solution of 200 μM
oxidized protein in 200 mM NaCl was prepared and diluted in a 1:1 ratio with MilliQ
water. The experiments were done in 100 mM NaCl at 22 ± 3 °C at a final protein
concentration of 100 μM. The sample was titrated from pH 7.0 to pH 2.0 by adding equal
volumes of HCl solutions of appropriate concentration and the 2× stock to maintain a 100
μM protein concentration throughout the titration. pH was measured with a Denver
Instrument UB-10 pH/mV meter using an Accumet double junction semi-micro pH
probe.
Guaiacol assay of peroxidase activity. The peroxidase activity was measured with the
colorimetric reagent, guaiacol, using previously reported conditions and procedures.6,7
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The reaction was monitored at 25 °C using an Applied Photophysics SX20 stopped-flow
apparatus. The formation of tetraguaiacol from guaiacol and H2O2 in the presence of Cytc
was monitored at 470 nm. 4× Cytc (4 μM) in 50 mM buffer was mixed in a 1:1 ratio with
4× guaiacol in 50 mM buffer to produce a 2× Cytc 2× guaiacol stock in 50 mM buffer.
This solution was mixed 1:1 with 100 mM H2O2 in 50 mM buffer with the stopped-flow
instrument yielding a final solution containing 1 μM Cytc, 50 mM H2O2 and guaiacol at
the desired concentration in 50 mM buffer. Concentration was determined using the
extinction coefficients of H2O2 (ε240 = 41.5 M-1 cm-1; average of published values)30,31
and guaiacol (ε274 = 2,150 M-1 cm -1)32. Buffers used for peroxidase experiments were the
same as those used in pH-Jump experiments. Final concentrations of guaiacol after
mixing were 0, 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 80, and 100 μM.
The segment of the A470 versus time data with the greatest slope following the initial
lag phase was used to obtain initial velocity, v, at each guaiacol concentration. The data
were fit to a linear equation and the slope from five repeats was averaged. The slope
(dA470/dt) was divided by the extinction coefficient of tetraguaiacol at 470 nm (ε470 =
26.6 mM-1cm-1)33 and multiplied by 4 (4 guaiacol consumed per tetraguaiacol produced)
to give the initial rate of guaiacol consumption, v. The initial rate, v, was divided by iso1-Cytc concentration, plotted against guaiacol concentration and fit (SigmaPlot v.13) to
Eq. 2.2 to obtain Km and kcat values.
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Figure. 2.2. Denaturation curves of A81I and G83V iso-1-Cytc are shown as plots of
corrected ellipticity at 222 nm, θ222corr, versus GdnHCl concentration. Solid curves are
fits to a two-state model for unfolding as described in Materials and methods, using a
native state baseline that is independent of GdnHCl concentration for consistency with
previously published data for WT iso-1-Cytc.18 Data shown with open circles were not
used in the fits to the two-state model. Parameters obtained from the fits are given in
Table 2.1. Experiments were performed at 25 °C in 20 mM Tris, 40 mM NaCl, pH 7.5
at 4 μM (G83V) or 8 μM (A81I) protein concentration.
𝑣

(2.2) [iso−1−Cyt𝑐] =

𝑘cat ∙[Guaiacol]
𝐾m +[Guaiacol]

RESULTS
Global stability of iso-1-cytc variants. Global unfolding thermodynamics of A81I and
G83V iso-1-Cytc variants were monitored by CD at 25 °C and pH 7.5 with the use of
GdnHCl as denaturant. These variants were expressed from E. coli. Therefore, Lys72 is
not trimethylated as with protein expressed from the native host, Saccharomyces
cerevisiae.
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Table 2.1. Thermodynamic parameters for global unfolding of WT,
G83V, and A81I iso-1-Cytc at 25 oC and pH 7.5.
Variant

ΔGuo'(H2O), kcal mol-1

m, kcal mol-1 M-1

Cm, M

WTa

5.05 ± 0.30

4.24 ± 0.13

1.19 ± 0.04

A81I

4.97 ± 0.27

3.85 ± 0.22

1.29 ± 0.11

G83V

5.12 ± 0.29

4.18 ± 0.27

1.22 ± 0.01

Human WTb

8.9 ± 0.2

3.51 ± 0.06

2.54 ± 0.01

a

Parameters are from ref.18 The data are for WT iso-1-Cytc with Lys72 that
is not trimethylated.
b

Parameters are from ref.59
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Figure 2 compares the denaturation
curves, θ222corr versus GdnHCl
concentration, for the two proteins.
Thermodynamic parameters from
fits to a two-state model are given
in Table 1. As seen from Figure
2.2 and Table 2.1, within error the
midpoint GdnHCl concentrations
for unfolding, Cm, the GdnHCl mvalue and ΔGu°'(H2O) for the A81I
and the G83V variants are
unchanged relative to WT iso-1-

Cytc. Lys72 in human WT Cytc
Figure. 2.3. (A) Schematic representation of the
alkaline conformational transition for yeast iso-1Cytc showing all three possible alkaline
conformers with lysines from Ω-loop D as alkaline
state ligands. (B) Plots of A695corr versus pH for the
alkaline transition for A81I (green) and G83V
(red) iso-1-Cytc. Data were collected at room
temperature (22 ± 3 °C) in 100 mM NaCl solution
with a protein concentration of 100 μM for the
G83V variant and 200 M for the A81I variant.
Solid lines are fits to Eq. 2.1 in Materials and
methods.

is not trimethylated and
humanlike substitutions are being
introduced into yeast iso-1-Cytc.
Thus, the WT and variant iso-1cytochromes c used (or
referenced) here all have a lysine
at position 72 and have been

expressed from E. coli, producing Lys72 free of trimethylation, unlike when iso-1-Cytc is
expressed from its native host, S. cerevisiae.19 WT and variant iso-1-cytochomes c are
considerably less stable than human WT (Table 2.1).
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Local unfolding via the alkaline conformational transition. At moderately alkaline
pH, iso-1-Cytc undergoes a structural rearrangement, typical
Table 2.2 Thermodynamic parameters for the alkaline transition of iso-1Cytc variants in 100 mM NaCl at 22 ± 3 °C.
Variant

pKapp

n

WT

7.95 ± 0.05a

-a

8.00 ± 0.05b

0.98 ± 0.01b

A81I

8.29 ± 0.13

1.15 ± 0.11

G83V

8.21 ± 0.03

1.20 ± 0.02

yWTc

8.62 ± 0.02

0.92 ± 0.01

Human WTd

9.54 ± 0.03

1.03 ± 0.02

a

Parameters are from ref.19 with a fit to the data that assumed a one proton process.
The data are for WT iso-1-Cytc (C102T) with Lys72 that is not trimethylated.
b
Parameters are from ref.18. The data are for WT iso-1-Cytc (C102S) with Lys72
that is not trimethylated.
c
Parameters are from ref.60. yWT is wild type iso-1-Cytc expressed from
Saccharomyces cerevisiae with trimethyllysine at position 72 (tmK72) and a
C102S substitution.
d
Parameters are from ref.59.
of mitochondrial cytochromes c,16,34 which primarily affects the structure of -loop D.
An NMR structure of the Lys73-heme alkaline conformer of K72A/K79A/C102T iso-1Cytc at pH 10 shows -loop D lifted away from the surface of the heme exposing the
heme to water.35 An X-ray structure of a Lys73-heme alkaline conformer of
K72A/T78C/K79G/C102S iso-1-Cytc has -loop D converted into a -hairpin, with less
increase in heme solvent exposure.36 In both structures, the remainder of the protein is
structurally similar to the native state. A number of studies have shown a correlation
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between the stability of Cytc with respect to the alkaline conformational transition and
the accessibility of states that promote peroxidase activity.37,38,39 Thus, the local
unfolding thermodynamics for the alkaline conformational transition of A81I and G83V
iso-1-Cytc were determined by pH titration, monitored at 695 nm, to follow the loss of
Met80-heme iron ligation when a lysine from Ω-loop D binds to the heme. A schematic
representation of the alkaline conformational transition is shown in Fig. 3A. When iso-1Cytc is expressed from E. coli, lysine 72 is not trimethylated as it is when the protein is
expressed in its native host, S. cerevisiae.19 Therefore, lysines 72, 73 and 79 in -loop D
can all act as alkaline state ligands.19 The fits of the data for A81I and G83V to Eq. 2.1
(Materials and methods) show that the number of protons, n, linked to the conformational
change is approximately equal to 1 (Fig. 2.3B, Table 2.2), consistent with a one proton
process as normally observed for the alkaline transition of Cytc.34 Small increases of 0.2
– 0.3 units are observed for the apparent pKa of the alkaline transition, pKapp, of the A81I
and G83V variants relative to WT iso-1-Cytc (Table 2.2). The pKapp for both variants is
still considerably lower than for human WT Cytc and ~0.3 units lower than for yeastexpressed WT iso-1-Cytc with tmK72 (Table 2.2). The presence of non-trimethylated
Lys72 in -loop D for E. coli-expressed iso-1-Cytc lowers the pKapp relative to yeastexpressed iso-1-Cytc with tmK72.19
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Figure. 2.4. Plots comparing kobs
vs pH for three of the kinetic
phases observed for the alkaline
conformational transition of (A)
WT (B) A81I and (C) G83V iso-1Cytc. In each panel the fast phase,
kobs,1 (red triangles), is shown as an
inset. Data from the slow phases,
kobs,2 and kobs,3 are shown as
squares (blue) and circles (green),
respectively. Filled data points are
from upward pH jumps. Unfilled
data points are for downward pH
jumps from pH 10. Error bars are
the standard deviation of a
minimum of five trials. Data points
from both upward and downward
pH jump experiments were used in
the fits (solid curves) of kobs,2 vs
pH data and kobs,3 vs pH (A81I
variant) data to Eq. 2.7.

Kinetics of the alkaline
conformational transition of
WT, A81I and G83V iso-1-Cytc.
The relative stabilities of different
iso-1-Cytc conformers can be
determined from the above
thermodynamic studies. But to
determine the actual rates of
interconversion between
conformations, kinetic studies utilizing stopped-flow techniques are necessary. Measured
observed rate constants (kobs) for the conversion between the native (Met80-heme) and
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the alkaline conformers (Lys-heme) are obtained from pH jump data. For WT iso-1-Cytc
and both variants, up to three kinetics phases are possible if Lys 72, Lys73 and Lys 79
have distinguishable kinetic properties (see Fig. 2.3A). The kinetics of the alkaline
conformation transition of E. coli-expressed WT iso-1-Cytc, with Lys72 that is not
trimethylated, have not been previously reported. Thus, pH jump kinetic studies on the
alkaline conformational transition of WT iso-1-Cytc and the A81I and G83V variants
were carried out.
For all three proteins, three kinetic phases are observed for most of the pH range
studied (Figs. S2.1 – S2.3, Tables S2.2, S2.4 and S2.6). A fast phase (kobs,1, A1) and two
slower phases (kobs,2, A2 and kobs,3, A3) are observed (Figures 2.4 and 2.5). There are
differences in detail. However, in general the fast phase is a low amplitude phase (Fig.
2.5). Because of the low amplitude, its rate constant cannot be obtained with high
precision. The magnitude of kobs,1 ranges from 20 – 80 s-1 for WT iso-1-Cytc, from 5 – 20
s-1 for the A81I variant and from 2 – 13 s-1 for the G83V variant. The pH range over
which the fast phase can be observed varies somewhat (WT, pH 8.25 – 9.75; A81I, pH
7.75 – 9; G83V, pH 7.5 - 10).
The two slower phases show behavior more typical of formation of Lys-heme
alkaline conformers. The rate constants for these phases are constant below about pH 7.5
and increase in magnitude as pH increases above 8 (Tables S2.2 – S2.7). The faster of the
two slow phases, kobs,2, has similar behavior for WT iso-1-Cytc and the A81I and G83V
variants. Below pH 8, it is relatively constant with a magnitude near 0.11 s-1, although it
levels off at a somewhat lower value of 0.065 s-1 for the G83V variant at pH 6. Above pH
8, kobs,2 increases in magnitude reaching values between 7 and 11 s-1 depending on the
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variant (Fig. 2.4). For WT iso-1-Cytc and the A81I and G83V variants, the amplitude of
this phase, A2, rises significantly above pH 7 reaching a maximum value near pH 9 (Fig.
2.5). For WT iso-1-Cytc and the A81I variant, the amplitude of this phase decreases
above pH 9, whereas it remains constant as the dominant kinetic phase out to pH 11 for
the G83V variant (Fig. 2.5).
The slower of the two slow phases, kobs,3, is relatively constant below pH 8 reaching a
limiting value near 0.04 s-1 for WT iso-1-Cytc and the A81I near pH 6. For the G83V
variant a somewhat lower limiting value near 0.01 s-1 is reached near pH 6 (Fig. 2.4 and
Tables S2.3, S2.5 and S2.7). Above pH 8, kobs,3 increases slowly. For WT iso-1-Cytc,
kobs,3 reaches a magnitude near 0.6 s-1 at pH 9.75, but is no longer detectable above this
pH. For the A81I variant, kobs,3 increases more strongly reaching a magnitude of 1.6 s-1 at
pH 9.5, but is not detectable above this pH. The kobs,3 phase persists to higher pH for the
G83V variant, but its magnitude is more variable, reaching a value near 0.7 s-1 at pH 11.
The amplitude of this phase, A3, is somewhat variable. Only for the A81I variant does its
amplitude show behavior similar to A2, rising to a maximum near pH 8.75 before
decreasing in magnitude at higher pH.
For the downward pH jump experiments from pH 10 to pH 6-7.75 only two kinetic
phases are observed (Fig. S2.4, Tables S2.3, S2.5 and S2.7). The observed rate constants
for the two phases present in downward pH jumps from pH 10 correspond well to kobs,2
and kobs,3, observed in upward pH jumps (Fig. 2.4), indicating that the fast phase (kobs,1,
A1) is a transient species. The magnitudes of the amplitudes for downward pH jump data
are consistent with amplitude data for the corresponding upward pH jump kinetic phases
(Fig. 2.5).
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As noted above, the amplitude
of the slow phases decrease above
about pH 9.5 for WT iso-1-Cytc
and the A81I variant. In both
cases, this decrease results from
the rapid growth in the amplitude
of a fast phase above pH 9.5
(kobs,4, A4, see Tables S2.2 and
S2.4 and Fig. S2.5). For WT iso1-Cytc, the rate constant for this
second fast phase, kobs,4, remains
relatively constant from pH 10 to
pH 10.75, with values near 40 s-1.
The amplitude for this phase, A4,
increases from pH 9.75 to pH
10.75 and reaches a plateau. For
the A81I variant, kobs,4, starts to
appear at pH 9.75 and has a
magnitude of 25 – 30 s-1. The
amplitude for this phase, A4,
increases from pH 9.75 to pH 10.75 and reaches a plateau as for WT iso-1-Cytc (Fig.
S2.5).
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Figure. 2.5. Comparison of amplitudes vs pH for three of the kinetic phases observed
for the alkaline conformational transition of (A) WT, (B) A81I and (C) G83V iso-1Cytc. Triangles (red) correspond to fast phase amplitude, A1, squares (blue) to the
amplitude for one slow phase, A2, and circles (green) to the other slow phase
amplitude, A3. Filled data points are from upward pH jumps. Unfilled data points are
from downward pH jumps from pH 10. Data points are the average and standard
deviation of a minimum of five trials. In panel A, A2 vs pH for upward pH jump data
from pH 7.5−9.5 for WT iso-1-Cytc are fit to Eq. 8 (black curve). In panel B, A2 vs pH
for upward pH jump data from pH 7.25−9.75 and A3 vs pH for upward pH jump data
from pH 7.25−9 for the A81I variant are fit to Eq. 8 (black curves). In panel C, A2 vs
pH for upward pH jump data from pH 7.5−11 for the G83V variant are fit to Eq. 8
(black curve). In these fits, kb and kf were set equal to the values determined from the
fits of kobs,2 or kobs,3 versus pH to Eq. 2.7 in Fig. 2.4.
Figure. 2.6. (A) Plot of absorbance
at 570 nm vs pH for acid unfolding
of WT iso-1-Cytc and the A81I and
G83V variants. The solid curves
for the WT and A81I data are fits
to Eq. 3. The solid curve for the
G83V data is a fit of the data to the
Eq. 2.4. (B) Acid unfolding data
monitored at isosbestic points, 595
nm (black triangles) and 646 nm
(red circles) for the G83V variant.
The low pH isosbestic point (595
nm) monitors the higher pH phase
(A2  N), and the high pH
isosbestic point (646 nm) monitors
the lower pH phase (A1  A2) of
acid unfolding. For data at 595 nm,
the pKa in Eq. 2.3 was set to 6, and
for the data at 646 nm, it was set to
4. Experimental conditions are as
for the data in Fig. 2.3B.
Acid unfolding of WT, A81I and
G83V iso-1-Cytc. The pH of the
intermembrane space of mitochondria is more acidic (pH = 6.88 ± 0.08) than the matrix
(pH = 7.8 ± 0.2) or the cytosol (pH = 7.59 ± 0.01).40 The cooperativity of acid unfolding
of iso-1-Cytc can be affected by amino acid substitutions.41,28 Thus, the substitution-
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induced changes in the stability of Cytc to acid induced conformational changes are
important to determine, too. The unfolding thermodynamics for the acid denaturation
transition of WT iso-1-Cytc and the A81I and G83V variants were determined by pH
titration from pH 2 – 6.5. Figure 6 shows a plot of absorbance at 570 nm for all three
proteins. The acid unfolding is monophasic for WT and A81I iso-1-Cytc. However, a
biphasic transition is observed for the G83V variant. The monophasic data for acid
unfolding for WT and A81I iso-1-Cytc could be fit to the Henderson-Hasselbalch
equation. However for better comparison with the biphasic acid unfolding of G83V iso-1Cytc, a more detailed model as outlined in Scheme 1, is useful. Eq. 2.3
can be used to fit absorbance data as a function of pH to obtain the observed equilibrium
constant, Kobs (pKobs = pKC/[(1+10n(pKa-pH)]), between the acid unfolded state, A, and the
native state, N, and the number of protons, n, linked to acid unfolding.

(2.3) 𝐴 =

AA + AN [10-pKC/1 + 10n (pKa-pH)]
1 + [10-pKC/1 + 10n(pKa-pH)]

In Eq. 2.3, A is the absorbance at the wavelength being monitored, AA is the absorbance
of the acid state, AN is the absorbance of the native state, pKa is the acid dissociation
constant of the group which protonates upon acid unfolding and pKC (= -logKC) is the
conformational equilibrium constant at high pH where the ionizable group is fully
deprotonated. Given the pH range of acid unfolding, we assume pKa is 4, corresponding
to ionization of the carboxylate groups of Asp or Glu residues. The parameters obtained
from these fits are given in the Table 2.3.
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Table 2.3. Thermodynamic parameters for acid unfolding of WT and variant
forms of iso-1-Cytc in 100 mM NaCl and at 25 °C.
Variant

, nm

pKC1

n1

pKC2

n2

WT

570

-2.77 ± 0.11

2.57 ± 0.09

-

-

A81I

570

-3.20 ±0.08

3.34 ± 0.12

-

-

G83V

570

-2.41 ± 0.07

2.05 ± 0.05

-2.37 ± 0.12

1.10 ± 0.09

G83V

595

-

-

-2.27 ± 0.06

1.12 ± 0.04

G83V

646

-2.25 ± 0.20

1.89 ± 0.19

-

-

To fit the biphasic data for the G83V in Fig. 2.6A, a three-state equilibrium
mechanism (Scheme 2.2) was used for the
acid transition, where A1 is the low pH acid
state, A2 is the intermediate pH acid state and
N is the native state. Equilibrium
Scheme 2.1. Two-state acid unfolding

constants, Kobs,1 and Kobs,2, describe the

equilibria between A1 and A2 and between A2 and N, respectively. For this mechanism,
Eq. 2.4 can be derived,41 where A is the absorbance at the wavelength being monitored,
and AN , AA1 and AA2 are the absorbance of the native state, the low pH acid state and the
high pH acid state, at the wavelength being monitored.
(2.4) 𝐴 = AN +

(AA1 − AN) + 𝐾obs,1(AA2 − AN)
1 + 𝐾obs,1 (1 + 𝐾obs,2)

Kobs,1 and Kobs,2 are given by Eqs. 5 and 6, respectively.
(2.5) 𝐾obs,1 = 10-pKC1/[1 + 10n1 (pKa1-pH)]
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(2.6) 𝐾obs,2 = 10-pKC2/[1 + 10n2(pKa2-pH)]
In Eqs. 2.5 and 2.6, KC1 (pKC1) and KC2 (pKC2) are the conformational equilibrium
constants associated with these processes, n1 and n2 are the number of protons linked to
each of these processes and pKa1 and pKa2 are the acid dissociation constants of the
ionizable groups involved in acid unfolding. pKa1 and pKa2 values are taken as 4 and 6,
respectively, assuming ionization of the carboxylate group of an Asp or Glu for the first
process and ionization of a histidine for the second process. The parameters obtained by
fitting the absorbance data at 570 nm, A570, for the G83V variant to Eq. 2.4 are given in
the Table 2.3.

Scheme 2.2. Three-state acid unfolding

Plots of absorbance spectra as a

function of pH for the G83V variant, revealed an isosbestic point at 595 nm in the pH
range from 2 to 4, corresponding to the equilibrium between A1 and A2. For the pH range
from 4 to 6, an isosbestic point at 646 nm was observed corresponding to the equilibrium
between A2 and N. Thus, the pH dependence of absorbance at 646 nm, A646, should
monitor only the A1 to A2 equilibrium and the pH dependence of absorbance at 595 nm,
A595, should monitor only the A2 to N equilibrium (Fig. 2.6B). Fits of these data to Eq.
2.3 yield parameters similar to those obtained from the fit to Eq. 2.4 obtained from the
pH dependence of A570 (Table 2.3).
Peroxidase activity of WT, A81I and G83V iso-1-Cytc. Peroxidase activity of WT,
A81I and G83V iso-1-Cytc was measured by monitoring the formation of tetraguaiacol
from guaiacol in the presence of H2O2. Michaelis-Menten plots with respect to guaiacol
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concentration were generated to permit extraction of kcat and Km across the pH range 5 to
8. It is evident in Fig. 2.7A that A81I and G83V substitutions cause a decrease in kcat at
pH 8, with the A81I substitution causing a more significant decrease in kcat than the
G83V mutation. Similar behavior is observed for the A81I variant for the full pH range
studied (Fig. 2.7B, Table 2.4). By contrast, the G83V substitution causes an increase in
kcat at pH 5 and 6, and a decrease
in kcat at pH 7 and 8 (Fig. 2.7B,
Table 2.4). The Km values with
respect to guaiacol concentration
are not strongly affected by either
substitution (Table 2.4).
DISCUSSION
The effects of the G83V and
A81I substitutions on the global
stability of iso-1-Cytc are
relatively modest and within the
error limits of our measurements
(Table 2.1). The local stability of
-loop D, as measured by the
alkaline conformational transition,
Figure. 2.7. Peroxidase activity of WT, A81I and G83V iso-1-Cytc. (A) MichaelisMenten plots for WT (black circles), A81I (green triangles) and G83V (red squares) iso-1Cytc at pH 8. The solid curves are fits to Eq. 2.2 (Materials and methods). Data were
acquired at 25 °C in 10 mM buffer and 100 mM NaCl. (B) kcat versus pH for WT (black
bars), A81I (green bars) and G83V (red bars) iso-1-Cytc. Error bars are the standard
deviation from three independent experiments.
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shows a small destabilization of the alkaline state relative to the native state for both
variants compared to WT iso-1-Cytc (Table 2.2). As discussed below, the effects of these
substitutions on the underlying kinetics of the alkaline transition and on acid denaturation
are more significant. The implications of the A81I and G83V substitutions for control of
the intrinsic peroxidase of Cytc as it relates to apoptosis are also discussed.
Kinetics of the alkaline transition of the WT and -loop D variants of iso-1-Cytc.
The kinetic model consistent with kinetic data for the alkaline transition involves a rapid
deprotonation equilibrium, represented by KH (pKH), followed by a conformational
rearrangement in which a lysine replaces Met80 as the heme ligand (Scheme 2.3).42 For
this mechanism, as pH increases the observed rate constant, kobs, is expected to increase
as observed for the slow phases in Fig. 2.4 (Eq. 2.7).42 The forward rate constant, kf,
(2.7) 𝑘obs = 𝑘b + 𝑘f (

1
)
1 + 10p𝐾H −pH

corresponds to opening of the heme crevice coupled to rearrangement of -loop D as the
Met80-heme ligand is lost and kb is the rate constant for the return to the native
conformer from the alkaline state. This model predicts that the amplitude for the alkaline
transition is given by Eq. 2.8,42 where A is the observed

1
(2.8) ∆A = ∆At (
)
𝑘b
p𝐾
−pH
H
(1
)
1+
+ 10
𝑘f
amplitude and At is the total amplitude when the alkaline transition goes to completion.
The other parameters are as defined for Eq. 2.7.
Consistent with the kinetic model in Scheme 2.3 for formation of the Lys-heme
alkaline conformers, kobs,2 and kobs,3 increase as pH increases for WT iso-1-Cytc and the
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A81I and G83V variants as the Met80-heme ligand is replaced with Lys from either
residue 72, 73 or 79 (Fig. 2.4). The fit of the kobs,2 versus pH data for WT iso-1-Cytc and
the A81I and G83V variants to Eq. 2.7 (Fig. 2.4) yields values for kf, kb and pKH (Scheme
2.3, Table 2.5). The values of kb are near 0.1 s-1 for all three proteins. The magnitude of kf
follows the order WT > G83V > A81I. If we set kf and kb in Eq. 2.8 to the values returned
by the fits of the kobs,2 versus pH data to Eq. 2.7, the fit of the A2 versus pH data also
yields values for pKH
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Table 2.4. Michaelis-Menten parameters as a function of pH at 25 oC for the peroxidase activity of iso-1-Cytc
variants and human Cytc with guaiacol as substrate.
pH 5

pH 6

pH 7

pH 8

Variant
Km, M

kcat, s-1

Km, M

kcat, s-1

Km, M

kcat, s-1

Km, M

kcat, s-1

WT

24 ± 1

3.2 ± 0.1

18 ± 1

4.93 ± 0.06

20.0 ± 0.7

4.70 ± 0.03

20 ± 2

3.33 ± 0.01

A81I

24 ± 2

2.91 ± 0.04 22 ± 2

4.0 ± 0.2

25 ± 3

4.27 ± 0.06

21.7 ± 0.7

2.47 ± 0.02

G83V

20.0 ± 0.8

3.8 ± 0.2

20.0 ± 0.9

5.87 ± 0.08

25.6 ± 0.9

4.45 ± 0.09

22 ± 2

2.89 ± 0.04

K72Aa

-

-

12.4 ± 0.8

2.2 ± 0.1

16 ± 1

3.5 ± 0.1

25 ± 1

2.8 ± 0.2

yWTb

-

-

14 ± 2

2.2 ± 0.1

14 ± 3

2.6 ± 0.3

19.0 ± 0.9

1.39 ± 0.08

Human

-

-

14 ± 2

0.108 ± 0.007 5.7 ± 0.3

0.112 ± 0.002 11 ± 2

WTc
a

E. coli-expressed K72A variant of iso-1-Cytc. Data are from ref.7.
b
Yeast-expressed iso-1-Cytc with tmK72 and a C102S substitution. Data are from ref.7.
c
Data for human Cytc are from ref.6.
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0.06 ± 0.01

Table 2.5. Kinetic parameters derived from kobs,2 and A2 for the
alkaline transition of WT and variant forms of iso-1-Cytc in 100 mM
NaCl and at 25 °C.a
Variant

kf, s-1

kb, s-1

pKH (kobs,2)

WT

20.5 ± 2.4

0.11 ± 0.03

10.59 ± 0.07 10.5 ± 0.1

A81I

13.6 ± 0.5

0.17 ± 0.03

10.23 ± 0.03 10.4 ± 0.1

G83V

15.4 ± 0.8

0.07 ± 0.12

10.46 ± 0.06 10.4 ± 0.1

yWT K73Ab 1.51 ± 0.05

0.016 ± 0.001

10.8 ± 0.2

-

yWT K79Ab 160 ± 5

0.040 ± 0.007

12.0 ± 0.3

-

pKH (A2)

a

kf, kb and pKH (kobs,2) are from fits of kobs,2 versus pH data to Eq. 7. pKH
(A2) is from fits of A2 versus pH data from upward pH jumps to Eq. 8.
b
Data for these variants are from ref.43 and are for variants expressed in
yeast with tmK72 and a C102T substitution.

Scheme 2.3. Alkaline conformational transition kinetic mechanism for cytochrome c
(Cc).
(Fig. 2.5, Table 2.3). In all cases, the magnitudes of pKH obtained from rate constant and
amplitude data are the same. This internal consistency indicates that the values of kf and
kb obtained from the fits to Eq. 2.7 are reliable even though at the highest pH values in
our data, kobs,2 has not reached a plateau (Fig. 2.4).
The pKH values range from 10.2 – 10.6 for the kobs,2 slow phase suggesting that the
same lysine (and triggering ionization) is involved in this phase for all three variants.
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This value for pKH is similar to the value previously published for a K73A variant of
yeast iso-1-Cytc (10.8 ± 0.1, Table 2.5), where Lys79 is the heme ligand in the alkaline
conformer,43 and significantly lower than the pKH value reported for a K79A variant
(12.0 ± 0.3, Table 2.5) where Lys73 is the alkaline state ligand.43 On this basis, we assign
Lys79 as the alkaline state ligand for the kobs,2 slow phase for WT iso-1-Cytc and the
A81I and G83V variants. The kb values observed experimentally at low pH, range from
0.065 – 0.12 s-1 (Tables S2.3, S2.5 and S2.7) and from the fits range from 0.07 – 0.17 s-1,
larger than the kb of 0.016 s-1 reported for the K73A variant (Table 2.5). This variant was
expressed in yeast and has a trimethyllysine at position 72 (tmK72).43 However, previous
data show that mutations at position 72 can affect both the stability of the native and
alkaline conformer and thus the magnitude of kb, depending on the identity of the alkaline
state ligand.23,44 The presence of tmK72 also decreases the magnitude of kf for formation
of the Lys79-heme alkaline conformer relative to WT iso-1-Cytc with Lys72. Work on
K73H44 and K79H22,23 variants of iso-1-Cytc in the presence of tmK72 versus Ala72
show that the tmK72A substitution decreases kf for formation of the His73-heme alkaline
conformer whereas it increases kf for the His79-heme alkaline conformer.44 Given the
increase in peroxidase activity of iso-1-Cytc caused by the tmK72A substitution,
conformational rearrangements similar to the His79-heme (or Lys79-heme alkaline
conformer) were suggested to be involved in peroxidase activity. For WT iso-1-Cytc, our
assignment of Lys79 as the dominant heme ligand differs from the larger kf observed for
formation of the Lys73-heme alkaline conformer relative to the Lys79-heme alkaline
conformer when tmK is at position 72 (Table 2.5),43 emphasizing the sensitivity of the
dynamics of -loop D to the residue at position 72. Finally, it is also noteworthy that for
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both the G83V and the A81I variants the magnitude of kf decreases, indicating that the
opening of the heme crevice linked to formation of the dominant alkaline conformer is
slowed by both substitutions. The decrease in kf is consistent with stabilization of the
native conformer relative to the alkaline conformer evident from the increase in pKapp for
the alkaline transition for both variants relative to WT iso-1-Cytc (Table 2.2).
The slower of the two slow phases observed for WT iso-1-Cytc and the A81I and
V83G variants does not populate well and does not persist to sufficiently high pH to
allow reliable fits of the kobs,3 versus pH data to Eq. 2.7 to be obtained for WT iso-1-Cytc
and the G83V variant. The data for this phase are sufficiently better for the A81I variant
such that the kobs,3 versus pH data can be fit to Eq. 2.7, yielding pKH = 9.9 ± 0.1, kb = 0.05
± 0.01 s-1 and kf = 5.1 ± 0.9 s-1 (Fig 2.4B). Fitting the A3 versus pH data for the A81I
variant (Fig 2.5B) to Eq. 2.8, using the values of kf and kb in Eq. 2.8 set to the values
obtained from the kobs,3 versus pH data, yields pKH = 10.11 ± 0.07. The pKa value for
Lys72 in WT iso-1-Cytc is predicted to be 10.1, the lowest for the three lysines in -loop
D.45 If the triggering ionization (pKH) is due to the lysine, which displaces Met80 in the
alkaline conformer, the value of pKH we observe for the kobs,3 phase of the A81I variant
suggests assignment of this phase to formation of the Lys72-heme alkaline conformer.
Relative to WT iso-1-Cytc and the G83V variant, the A81I substitution appears to
increase the participation of the Lys72-heme alkaline conformer in the alkaline state.
Because the kobs,3, versus pH data cannot be fit to Eq. 2.7 for WT iso-1-Cytc and the
G83V variant, the underlying cause for the greater prominence of the kobs,3 phase for the
A81I variant is unclear.
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At high pH, a fast phase (kobs,4, A4) occurs on a 25 ms time scale for WT iso-1-Cytc
and the A81I variant (Fig. S2.5). For both proteins, this phase grows in rapidly above pH
9.5 causing the amplitude of the Lys-heme alkaline conformers to diminish rapidly (Fig.
2.5). For WT iso-1-Cytc, kobs,4 remains relatively constant around 40 s-1 and for the A81I
variant the magnitude of kobs,4 is between 25 and 30 s-1. The amplitude of this phase, A4,
versus pH exhibits a sigmoidal shape. The sigmoidal shape of the data can be fit to the
Henderson−Hasselbalch equation with apparent pKa values of 10.17 ± 0.04 and 10.18 ±
0.01 for WT iso-1-Cytc and the A81I variant, respectively. The abruptness of the increase
in the amplitude is consistent with a multiproton process (number of protons, n, is 3.59 ±
0.09 for WT iso-1-Cytc and 4.06 ± 0.08 for the A81I variant). We have previously
observed a similar fast phase with a rate constant of ~15 – 25 s-1 for an A81H variant of
iso-1-Cytc (expressed from yeast with tmK72).17 It also grew in abruptly above pH 9.5
with an apparent pKa of 10.75 and n ~ 4. High pH fast phases on the 10 – 50 ms time
scale for the alkaline transition have been reported previously for mammalian
cytochromes c.46,47,48,49 These phases have been attributed to unfolding of the least stable
substructure of Cytc,46 formation of a weakened heme-Met80 bond48,47 or displacement
of Met80 by hydroxide.47 The transient nature of these fast phases is consistent with the
fact that they are not observed in downward pH jump experiments. Apparently, the G83V
substitution prevents formation of the transient species associated with this fast phase.
Effect of the G83V substitution on the cooperativity of acid unfolding. The acid
unfolding of Cytc is typically a two to three proton process.50 It is known to be a complex
process.28,29,51,52,53 A N52G variant of yeast iso-1-Cytc also shows a clear loss of
cooperativity for acid unfolding, breaking down into two phases. The low pH phase is
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linked to 1.4 – 1.7 protons and the high pH phase to ~1 proton.41 The G83V substitution
causes a similar loss in cooperativity (Fig. 2.6, Table 2.3). The isosbestic point of the
high pH phase (595 nm) of the G83V variant is similar to that observed for the N52G
variant (596 nm) and the phase is also linked to 1 proton. The midpoint pH for the high
pH phase using the parameters in Table 2.3 is ~3.9, similar to the midpoint pH of ~4.1
observed for the N52G variant. The isosbestic point of the low pH phase of acid
unfolding of the V83G variant (646 nm) is similar to the isosbestic point observed for the
N52G variant (644 nm) and is linked to a similar number of protons (1.9 – 2.1). The
midpoint pH for the low pH phase of acid unfolding is ~ 2.8, using the parameters in
Table 2.3, similar to the midpoint pH of ~2.9 observed for the N52G variant. These
observations indicate that substitutions to either -loop D or -loop C (residues 40 –
57), which correspond to the two least stable substructures of Cytc,54 can lead to loss of
cooperativity in acid unfolding by a similar mechanism. In both cases, the loss of the 695
nm band is not complete after the first phase of the transition, suggesting that weakening
rather than loss of the heme-Met80 bond occurs during the high pH phase of acid
unfolding. The effects of the N52G and G83V mutations on acid unfolding are similar to
non-native forms of Cytc with reduced heme-Met80 bond strength observed as
temperature increases55 or for alkaline isomerization at low ionic strength.56
The sum of the number of protons involved in the two phases of acid unfolding of the
G83V (and N52G) variant is similar to the number of protons involved in the single
phase of acid unfolding for WT iso-1-Cytc (Table 2.3), suggesting that the either the pKa
of a buried ionizable group has been shifted further away from its intrinsic value by the
G83V substitution or the structure that is perturbed when the A2 state forms is
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destabilized by the G83V substitution. Irrespective of the underlying mechanism, the
result is a weakening of the heme-Met80 bond closer to physiological pH. For the A81I
substitution, the cooperativity of acid unfolding is similar to WT iso-1-Cytc (Table 2.3)
although the midpoint pH is increased somewhat from ~ 2.9 for WT iso-1-Cytc to ~3.05
for the A81I variant (using the parameters in Table 2.3, see Fig. 2.6).
Implications of the A81I and G83V substitutions for apoptotic peroxidase activity.
At pH 7 and 8, the kcat for the peroxidase activity of WT and variant iso-1-cytochromes c
follows the order WT > G83V > A81I (Fig. 2.7B, Table 2.4). This order is identical to
that observed for kf for the dominant phase of the alkaline conformational transition WT
(20.5 ± 2.4 s-1) > G83V (15.4 ± 0.8 s-1) > A81I (13.6 ± 0.5 s-1). WT iso-1-Cytc expressed
from yeast with tmK72 has even lower kcat than for WT iso-1-Cytc and the G83V and
A81I variants expressed from E. coli with Lys72. Notably, the kf for formation of the
Lys79-heme alkaline conformer for the K73A variant with tmK72 (1.5 s1, Table 5) is
smaller than for any of the E. coli-expressed variants with Lys72. The observation that
kcat for peroxidase activity follows the same trend [WT(K72) > G83V > A81I >
yWT(tmK72)] is consistent with the observation that conformational dynamics similar to
those needed to form the Lys79-heme alkaline conformer may be linked to peroxidase
activity.44 It also appears that truncating tmK72 to Ala is less effective at increasing kcat
than simply having a non-trimethylated Lys72. Interestingly, the Lys73-heme alkaline
conformer appears to dominate the kinetics of the alkaline transition of human Cytc.6 The
shift in the dynamics of -loop D toward motions more similar to the Lys73-heme
alkaline conformer may in part contribute to the lower intrinsic peroxidase activity of
human Cytc.
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The fast phases observed above pH 9.5, which have been attributed variously to
unfolding of the least stable substructure of Cytc,46 formation of a weakened heme-Met80
bond47,48 or displacement of Met 80 by hydroxide,48 do not correlate well with peroxidase
activity. This phase is not observed for the G83V variant, which has peroxidase activity
intermediate between WT iso-1-Cytc and the A81I variant. For the naturally-occurring
G41S and Y48H variants of human Cytc, which have enhanced peroxidase activity, the
alkaline state is stabilized relative to the native state.37,38,39 The stabilization of the
alkaline state appears to be associated with an increase in the dynamics of -loops C and
D.11,57
At pH 5 and pH 6, the kcat for the peroxidase activity of the G83V variant becomes
larger than for WT iso-1-Cytc. The G83V substitution causes a decrease in the
cooperativity of acid unfolding. The high pH phase (pH midpoint ~3.9) decreases the
magnitude of the 695 nm charge transfer band, consistent with a weakening of the hemeMet80 bond.55,56 This conformer with a weakened heme-Met80 bond appears to be
sufficiently populated (~1% using the parameters in Table 2.3) to impact peroxidase
activity at pH 6. Recent work indicates that Cytc conformers with a 5-coordinate highspin heme, which are necessary for peroxidase activity, become more populated below
pH 7 for Cytc bound to CL liposomes.58 Thus, lower pH also may be important for the
peroxidase activity of Cytc in apoptosis. The G83V substitution, which weakens the
heme-Met80 bond, would be expected to increase the accessibility of Cytc conformers
with a 5-coordinate high spin heme. Thus, maintaining the cooperativity of acid
unfolding may be important for a strong on/off switch for the peroxidase activity
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signaling mediated by Cytc in the earliest stages of the intrinsic pathway of apoptosis,
particularly at the lower pH associated with the intermembrane space of mitochondria.40
The G83V and A81I substitutions to iso-1-Cytc decrease the peroxidase activity at pH
7 and 8 as predicted by structural studies on iso-1-Cytc (Fig. 2.1). However, the
magnitude of the decrease in kcat caused by the G83V and A81I substitutions does not
begin to approach the kcat of 0.11 s-1 observed for human Cytc at pH 7 (Table 2.4).6 It is
evident from the work on naturally occurring variants of human Cytc that substitutions in
-loop C have a strong effect on peroxidase activity.57,37,38,39,11 The interaction between
-loops C and D in opening of the heme crevice is evident from hydrogen-deuterium
exchange studies, which show that opening of -loop C precedes the opening of -loop
D in the kinetics of the alkaline transition.46 There are multiple substitutions in -loop C
in yeast iso-1-Cytc relative to human Cytc.15 Also the naturally-occurring G41S and
Y48H human variants have substitutions in -loop C that lead to increases in peroxidase
activity.10,11 Thus, the reduction in the intrinsic peroxidase activity of human Cytc
relative to yeast iso-1-Cytc may involve co-evolution between these two -loops.

CONCLUSION
Humanlike G83V and A81I substitutions in -loop D of yeast iso-1-Cytc both lead to
a decrease in the rate of opening the heme crevice in the dominant phase of the alkaline
conformational transition, which correlates well with a decrease in kcat for peroxidase
activity at pH 7 and 8. However, the decrease in peroxidase activity is much smaller than
in human Cytc, indicating that other residues, possibly in -loop C, contribute
significantly to the low intrinsic peroxidase activity of the human protein.
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Abbreviations
iso-1-Cytc

yeast iso-1-cytochrome c

tmK72

trimethyllysine 72

WT

E. coli-expressed wild type iso-1-Cytc; Lys72 is not trimethylated

yWT

yeast-expressed wild type iso-1-Cytc; Lys72 is trimethylated

GdnHCl

guanidine hydrochloride

CD

circular dichroism

pKapp

apparent pKa of the alkaline conformational transition
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Table S2.1 .Oligonucleotide primers used for A81I and G83V site-directed
mutagenesis.a
primer
A81I
A81I-r
G83V
G83V-r
a

Primer sequence 5’-3’
d(aagaaatatattcctggtaccaagatgatttttggtgggttgaagaaggaaaaagac)
d(gtctttttccttcttcaacccaccaaaaatcatcttggtaccaggaatatatttctt)
d(gtaccaagatggcctttgttgggttgaagaaggaaa)
d(tttccttcttcaaccccaacaaaggccatcttggtac)

Mutation sites are shown in bold.
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Table S2.2. Kinetic parameters for the alkaline transition of WT Cytc obtained from
upward pH jump data monitored at 398 nm.
pH

A1

kobs,1
(s-1)

A2

kobs,2
(s-1)

A3

kobs,3
(s-1)

7.50





0.011 ±
0.002

0.11 ±
0.01

0.007 ±
0.002

0.02 ±
0.02

7.75





0.0120
±
0.0005

0.123
±
0.008

0.008 ±
0.001

0.035
±
0.003

8.00





0.022 ±
0.008

0.21 ±
0.07

0.021 ±
0.007

0.06 ±
0.02

A4

kobs,4 (s1)

8.25

0.0021
±
0.0007

19 ±
16

0.037 ±
0.006

0.20 ±
0.02

0.018 ±
0.005

0.06 ±
0.02

8.50

0.006 ±
0.003

79 ±
52

0.052 ±
0.006

0.21 ±
0.12

0.015 ±
0.008

0.09 ±
0.04

8.75

0.005 ±
0.002

57 ±
50

0.068 ±
0.001

0.40 ±
0.01

0.007 ±
0.001

0.07 ±
0.02

9.00

0.0078
±
0.0005

80 ±
25

0.063 ±
0.005

0.64 ±
0.05

0.013 ±
0.005

0.20 ±
0.05

9.25

0.007 ±
0.004

56 ± 7

0.068 ±
0.004

1.00 ±
0.06

0.013 ±
0.003

0.22 ±
0.08

9.50

0.005 ±
0.003

52 ± 6

0.065 ±
0.003

1.64 ±
0.08

0.0206 ± 0.30 ±
0.0005
0.15

9.75

0.005 ±
0.002

47 ± 3

0.055 ±
0.003

3.0 ±
0.2

0.033 ±
0.001

10.00

0.046 ±
0.002

4.0 ±
0.1

0.047 ±
0.001

40 ± 2

10.25

0.017 ±
0.001

6.6 ±
0.8

0.079 ±
0.002

38 ± 1

10.50

0.097 ±
0.001

42.7 ±
0.5

10.75

0.010 ±
0.001

40.3 ±
0.6
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0.6 ±
0.3

Table S2.3. Kinetic parameters for the alkaline transition of WT Cytc obtained from
downward pH jump data monitored at 398 nm.
pH

A2

kobs,2 (s-1)

A3

kobs,3 (s-1)

6.00

0.059 ± 0.009

0.11 ± 0.07

0.023 ± 0.007

0.04 ± 0.02

6.50

0.045 ± 0.009

0.10 ± 0.01

0.034 ± 0.008

0.032 ± 0.006

6.75

0.047 ± 0.007

0.10 ± 0.01

0.031 ± 0.007

0.033 ± 0.005

7.00

0.043 ± 0.006

0.105 ± 0.008

0.033 ± 0.007

0.038 ± 0.005

7.25

0.04 ± 0.01

0.11 ± 0.03

0.03 ± 0.01

0.04 ± 0.01

7.50

0.04 ± 0.01

0.13 ± 0.02

0.03 ± 0.01

0.05 ± 0.01

7.75

0.03 ± 0.01

0.13 ± 0.08

0.04 ± 0.01

0.06 ± 0.02
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Table S2.4. Kinetic parameters for the alkaline transition of A81I iso-1-Cytc obtained
from upward pH jump data monitored at 398 nm.
pH

A1

kobs,1 (s1)

A2

kobs,2 (s1)

A3

kobs,3 (s- A4
1)

7.25





0.011 ±
0.002

0.15 ±
0.03

0.084. ±
0.009

7.50





0.011 ±
0.005

0.25 ±
0.14

7.75

0.003 ±
0.001

18 ± 4

0.018 ±
0.005

0.15 ±
0.05

8.00

0.004 ±
0.003

8±3

0.023 ±
0.002

0.22 ±
0.02

8.25

0.002 ±
0.001

11 ± 3

0.027 ±
0.009

0.31 ±
0.03

8.50

0.0037
±
0.0005
0.0033
±
0.0009
0.004 ±
0.002

5± 5

0.038 ±
0.002

0.45 ±
0.02

10± 9

0.039 ±
0.001

0.75 ±
0.03

12 ± 3

0.047 ±
0.001

1.10 ±
0.03

9.25

0.066 ±
0.004

1.60 ±
0.07

9.50

0.08 ±
0.02
0.0661
±
0.0007
0.058 ±
0.003

2.5 ± 0.2

0.005
±
0.002
0.015
±
0.005
0.022
±
0.005
0.038
±
0.003
0.050
±
0.009
0.056
±
0.002
0.068
±
0.001
0.067
±
0.001
0.051
±
0.003
0.04 ±
0.02

0.035 ±

7.3 ± 1.0

8.75

9.00

9.75

10.00

10.25

3.5 ± 0.1

4.8 ± 0.3
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kobs,4 (s1)

0.10 ±
0.01
0.14 ±
0.05
0.14 ±
0.01
0.18 ±
0.03
0.29 ±
0.01
0.457 ±
0.005
0.63 ±
0.01
0.99 ±
0.02
1.6 ± 0.3
0.034
±
0.001
0.044
±
0.003
0.073
±

29 ± 2

27 ± 2

24 ± 1

0.005
0.003 ±
0.001

10.50

0.005
0.093
±
0.002
0.096
±
0.005

9.0 ± 2.6

10.75

24.7 ±
0.4
31.9 ±
0.4

Table S2.5. Kinetic parameters for the alkaline transition of A81I iso-1-Cytc
obtained from downward pH jump data monitored at 398 nm.
pH

A2

kobs,2 (s-1)

A3

kobs,3 (s-1)

6.00
6.50
6.75
7.00
7.25
7.50
7.75

0.055 ± 0.005
0.06 ± 0.02
0.06 ± 0.01
0.065 ± 0.002
0.072 ± 0.009
0.067 ± 0.004
0.043 ± 0.009

0.118 ± 0.007
0.13 ± 0.02
0.13 ± 0.02
0.120 ± 0.003
0.12 ± 0.01
0.125 ± 0.004
0.18 ± 0.03

0.023 ± 0.006
0.04 ± 0.02
0.03 ± 0.01
0.020 ± 0.002
0.018 ± 0.009
0.009 ± 0.003
0.015 ± 0.009

0.041 ± 0.004
0.04 ± 0.02
0.05 ± 0.02
0.039 ± 0.005
0.04 ± 0.01
0.03 ± 0.01
0.05 ± 0.03
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Table S2.6. Kinetic parameters for the alkaline transition of G83V iso-1-Cytc
obtained from upward pH jump data monitored at 406 nm.
pH

A1

kobs,1 (s1)

A2

kobs,2 (s-1)

A3

7.50

0.005 ±
0.002
0.005 ±
0.001
0.005 ±
0.001
0.0056 ±
0.0006
0.0057 ±
0.0005
0.006 ±
0.001
0.007 ±
0.001
0.006 ±
0.002
0.0034 ±
0.0005
0.004 ±
0.001
0.0011 ±
0.0002

2.5 ± 1.4

0.021 ±
0.002
0.036 ±
0.003
0.050 ±
0.003
0.072 ±
0.001
0.083 ±
0.004
0.069 ±
0.005
0.089 ±
0.007
0.083 ±
0.007
0.097 ±
0.001
0.097 ±
0.003
0.096 ±
0.002
0.118 ±
0.003
0.114 ±
0.002
0.111 ±
0.002
0.113 ±
0.001

0.09 ± 0.01

0.015 ±
0.002
0.015 ±
0.003
0.018 ±
0.002
0.014 ±
0.002
0.014 ±
0.004
0.035 ±
0.009
0.025 ±
0.006
0.033 ±
0.006
0.021 ±
0.001
0.028 ±
0.001
0.0258 ±
0.0005
0.0152 ±
0.0003
0.009 ±
0.003
0.0029 ±
0.0002
0.0027 ±
0.0002

7.75
8.00
8.25
8.50
8.75
9.00
9.25
9.50
9.75
10.00
10.25
10.50
10.75
11.00

2.5 ± 1.7
2.3 ± 1.3
3.8 ± 0.3
7.5 ± 1.0
7±3
13 ± 4
9±6
3.3 ± 0.3
5.0 ± 1.3
6.4 ± 0.8

0.099 ± 0.006
0.129 ± 0.006
0.167 ± 0.005
0.249 ± 0.009
0.53 ± 0.05
1.1 ± 0.1
1.2 ± 0.2
1.33 ± 0.03
2.08 ± 0.07
3.2 ± 0.2
5.9 ± 0.2
8.7 ± 0.3
11.1 ± 0.1
11.1 ± 0.1
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kobs,3 (s-1)
0.018 ±
0.004
0.024 ±
0.004
0.036 ±
0.006
0.037 ±
0.003
0.08 ±
0.02
0.28 ±
0.01
0.47 ±
0.01
0.6 ± 0.1
0.31 ±
0.03
0.3 ± 0.1
0.45 ±
0.05
0.7 ± 0.3
1.4 ± 0.4
0.7 ± 0.1
0.7 ± 0.1

Table S2.7. Kinetic parameters for the alkaline transition of G83V iso-1-Cytc
obtained from downward pH jump data monitored at 406 nm.
pH

A2

kobs,2 (s-1)

A3

kobs,3 (s-1)

6.00

0.052 ± 0.002

0.065 ± 0.004

0.056 ± 0.002

0.0097 ± 0.0009

6.50

0.052 ± 0.001

0.065 ± 0.001

0.057 ± 0.003

0.0092 ± 0.0003

7.00

0.068 ± 0.002

0.070 ± 0.003

0.046 ± 0.002

0.0101 ± 0.0007

7.25

0.065 ± 0.002

0.074 ± 0.004

0.042 ± 0.002

0.0114 ± 0.0009

7.50

0.054 ± 0.005

0.081 ± 0.008

0.024 ± 0.005

0.015 ± 0.004

7.75

0.045 ± 0.004

0.099 ± 0.009

0.014 ± 0.003

0.017 ± 0.009
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Figure. S2.1. Absorbance at 398 nm, A398, vs time (log scale) stopped-flow data for pH
jump experiments for WT iso-1-Cytc from pH 6 to ending pH values of 7.50-10.75. All
data were collected at 25 °C. To allow the data at different pH values to be overlaid
effectively, the observed A398 was adjusted at some pH values by a constant amount at
every time point.The solid curves from pH 7.50-8.00 and pH 10.00-10.25 are fits to a
two-exponential equation, from pH 8.25-9.75 are fits to a three-exponential equation, and
from pH 10.50-10.75 are fits to a single-exponential equation. The bottom panel
compares residuals for the fit to a two-exponential equation (black) vs a three-exponential
equation (pink) at pH 8.75. Kinetic parameters are collected in Table S2.2.
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Figure. S2.2. Absorbance at 398 nm, A398, vs time (log scale) stopped-flow data for pH
jump experiments for A81I iso-1-Cytc from pH 6 to ending pH values of 7.25-10.75. All
data were collected at 25 °C. To allow the data at different pH values to be overlaid
effectively, the observed A398 was adjusted at some pH values by a constant amount at
every time point. The solid curves from pH 7.25-7.50 are fits to a two-exponential
equation, from pH 7.75-9.00 are fits to a three-exponential equation, and from pH 9.2510.50 are fits to a two-exponential equation. The pH 10.75 data were fit to a singleexponential equation. The bottom panel compares residuals for the fit to a singleexponential equation (black) vs double-exponential equation (dark red) at pH 9.25.
Kinetic parameters are collected in Table S2.4.
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Figure. S2.3. Absorbance at 406 nm, A406, vs time (log scale) stopped-flow data for pH
jump experiments for G83V iso-1-Cytc from pH 6 to ending pH values of 7.50-11.00. All
data were collected at 25 °C. To allow the data at different pH values to be overlaid
effectively, the observed A406 was adjusted at some pH values by a constant amount at
every time point. The solid curves from pH 7.50-10.00 are fits to a three-exponential
equation, and from pH 10.25-11.00 are fits to a two-exponential equation. The bottom
panel compares residuals for the fit to a two-exponential equation (black) vs threeexponential equation (blue) at pH 8.50. Kinetic parameters are collected in Table S2.6.
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Figure. S2.4. Representative fits to raw data from downward pH jump experiments
demonstrating appropriateness of fits to a two-exponential equation versus fits to a
single-exponential equation for A81I iso-1-Cytc.
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Figure. S2.5. Rate constants (A) and amplitudes (B) for fast phase in the kinetics of the
alkaline transition observed above pH 10 for yWT and 9.75 for A81I variant. Data are
from Tables S2.2 and S2.4. In Panel A, the amplitudes of phase 4, A4, are fit to the
Henderson-Hasselbalch equation:
𝐴f + 𝐴i × 10𝑛[p𝐾app − pH]
𝐴695corr =
1 + 10𝑛[p𝐾app − pH]
For WT iso-1-Cytc the apparent pKa, pKapp, is 10.17 ± 0.04 and n, the number of protons,
is 4.05 ± 0.08. For the A81I variant, the pKapp is 10.18 ± 0.01 and n is 3.59 ± 0.09.
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CHAPTER 3: Effect of V83G and I81A Substitutions to Human
Cytochrome c on Acid Unfolding and Peroxidase Activity Below
Neutral pH
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ABSTRACT:
Mitochondrial cytochrome c is a highly conserved protein in eukaryotes. Certain
functions of cytochrome c have been tuned during evolution. For instance, the intrinsic
peroxidase activity of human cytochrome c is much lower than that of the yeast
counterpart. Structural studies on K72A yeast iso-1-cytochrome c [McClelland, L. J., et
al. (2014) Proc. Natl. Acad. Sci. U. S. A, 111, 6648-6653] revealed that residues 81 and
83 in -loop D (residues 70 – 85) may be gatekeeper residues for the peroxidase activity
linked to intrinsic apoptosis. Amino acids at both positions evolve to more stericallydemanding amino acids. We hypothesized that residues 81 and 83 evolved such that
steric constraints at these positions tune down the peroxidase activity of human
cytochrome c. To test this hypothesis, I81A and V83G variants of human cytochrome c
were prepared. Our results show that the I81A substitution significantly influences the
thermodynamics and kinetics of access to alternate conformers of human cytochrome c
while the V83G substitution has a more modest effect on these properties. The I81A
variant also shows a significant enhancement in peroxidase activity, particularly below
pH 7, whereas the V83G variant has similar peroxidase activity to wild type human
cytochrome c. However, neither variant increases the peroxidase activity of human
cytochrome c to the level of yeast iso-1-cytochrome c, indicating that other substructures
of cytochrome c are also involved in tuning the intrinsic peroxidase activity of
mitochondrial cytochrome c.
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INTRODUCTION
Mitochondrial cytochrome c (Cytc) is a globular protein that shuttles electrons from
Complex III to Complex IV in the electron transport chain on the outer surface of the
inner mitochondrial membrane (IMM). More recently, it has been discovered that Cytc
plays a pivotal role in the early stages of the intrinsic pathway of apoptosis, where it acts
as a peroxidase.1 Under apoptotic stimuli, Cytc oxidizes the mitochondrial membrane
lipid cardiolipin (CL), leading to release of Cytc from the IMM. The oxygenated CL
assists in permeabilizing the outer mitochondrial membrane (OMM) allowing release of
Cytc into the cytoplasm where it interacts with apoptotic protease activating factor 1
committing the cell to apoptosis by forming the apoptosome.2,3
The dual function of Cytc as an electron transfer protein and a peroxidase is usually
attributed to the accessibility of alternate conformers of the protein with different heme
coordination environments.4-10 Because of its multiple functions, Cytc has been classified
as an extreme multifunctional (EMF) protein.5 One mechanism by which EMF proteins
operate is by accessing alternate conformers that are nearby in energy to the native state
(i.e. excited states).5,11 The electron transfer conformer of Cytc is loosely bound to the
membrane12 and is capable of acting as an electron shuttle in the respiratory chain
because of the 6-coordinate heme with Met80 and His18 as axial ligands. The peroxidase
competent form of Cytc has a lower redox potential and thus is not capable of shuttling
electrons,13,14 it is tightly bound to the IMM lipid cardiolipin (CL), and it has lost Met80
as a heme ligand,8-10,15,16 Evidence has been put forward for lysine,13 histidine,4,17,18 and
water (or hydroxide depending on pH)9,10,13,19,20 as the alternate ligand. Current evidence
is most consistent with histidine as the ligand replacing Met80 near neutral pH.4,17,18 As
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pH is lowered to 6.5 in the presence of CL, a pentacoordinate heme species, expected to
be important for peroxidase activity, becomes populated.4 The pH of the intermembrane
space of mitochondria where Cytc is located is lower (pH = 6.88 ± 0.08) than the matrix
or the cytoplasm (pH = 7.6 – 7.8).21 During apoptosis cytosolic pH decreases to 5.8.22
Thus, the peroxidase activity of Cytc at lower pH may be important for understanding its
function in apoptosis.
Yeast iso-1-cytochrome c (iso-1-Cytc) with a trimethylated Lys72 has approximately
20-fold higher intrinsic peroxidase activity than human (Hu) Cytc.10,23,24 Yeast lacks
components of intrinsic apoptotic pathway,25 so the selective pressure to regulate the offstate of the peroxidase activity of iso-1-Cytc is not expected to be substantial. Given that
the peroxidase activity of Cytc in higher eukaryotes plays a pivot role in the early stages
of apoptosis, the intrinsic peroxidase activity of Hu Cytc needs to be more tightly
regulated, if there is to be an effective off-state for the signaling switch. The intrinsic
peroxidase activity of cytochrome c is an EMF activity that requires access to a
pentacoordinate excited state in the absence of a membrane. To date, three naturallyoccurring variants of Hu Cytc, namely G41S,26 Y48H27 and A51V28 have been identified.
Two of these, G41S6,29-33 and Y48H,5,32 have been studied extensively and both show
enhanced intrinsic peroxidase activity relative to (wild type) WT Hu Cytc. The
substitutions in these variants all reside in -loop C (residues 40 – 47), the least stable
foldon of Cytc.34 The adjacent -loop D (residues 70 – 85, the next least stable foldon34)
positions Met80 for binding to the heme. An X-ray structure of an alternate conformer of
yeast iso-1-Cytc shows that Met80 can be lost with minimal perturbation of the tertiary
structure.10 The majority of the residues in this alternate conformer overlay well with
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those in the native state structure of WT yeast iso-1-Cytc35 with Cα root mean square
deviation (RMSD) less than 1 Å. However, in addition to Met80, Ala81 and Gly83
deviate significantly from their native positions in Ω-loop D of the alternate conformer.
Although Ω-loop D is the most conserved segment of the primary structure of Cytc,36,37
positions 81 and 83 are more variable. Residue 81 evolves from Ala in yeast to Val in
plants and some insects and Ile in vertebrates38 and residue 83 evolves from Gly in yeast
to Ala and Val in higher eukaryotes.36,37

Figure 3.1. Close up of -loops C (gold) and D (salmon, yeast loop from PDB file
2YCC is shown in red) of human Cytc (PDB file: 3ZCF) showing the hydrogen bond
network (H-bonds shown as black dashed lines) that connects the two loops. The red
sphere is a buried water. Side chains and the heme are shown as stick models (red labels)
colored by element. The substitution sites and the -loops are labeled in black.

Given the trend of amino acids at both positions to increase in steric bulk during
evolution of Hu Cytc from yeast iso-1-Cytc, we proposed that more sterically demanding
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residues at positions 81 and 83 in human Cytc (Figure 3.1) might hinder the accessibility
to the peroxidatic conformer, and thus decrease the intrinsic peroxidase activity of human
Cytc.10 Thus, the evolution of an effective off-state for the peroxidase signaling switch in
the early stages of apoptosis1 could involve the steric size of the residues at positions 81
and 83.
We initially tested this hypothesis with A81I and G83V substitutions to yeast iso-1Cytc.23 We observed small decreases in the peroxidase activity of iso-1-Cytc, consistent
with our hypothesis. However, these decreases were small relative to the large decrease
in the peroxidase activity of Hu Cytc relative to yeast iso-1-Cytc. Given the larger
number of substitutions in -loop C between the human and yeast proteins, and the
observation that disease-causing substitutions in -loop C cause large enhancements in
the dynamics of both -loops C and D,5,6 it seemed possible that the effects of these
substitutions might be context dependent. However, recent studies on the Hu Cytc show
that V83G and I81A substitutions individually and together have modest effects on
peroxidase activity at pH 6.5 as for the yeast protein.32 The dynamics of -loop D as
measured by the kinetics of the alkaline conformational transition were also modestly
affected by these substitutions compared to the relatively strong effects observed for the
disease-causing substitutions in -loop C.32
In our work on the G83V variant of iso-1-Cytc, we observed a loss of cooperativity
for acid unfolding relative to WT iso-1-Cytc. This loss in cooperativity was coupled to an
increase in peroxidase activity of the G83V variant relative to WT iso-1-Cytc. As noted
above, pH is lower in the intermembrane space and lower pH favors formation of
pentacoordinate heme species of Cytc,4 necessary for peroxidase activity. Thus, it is
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important to evaluate the impact of the I81A and V83G substitutions to Hu Cytc on
stability to acid and on peroxidase activity below pH 7. The work of Englander and coworkers show that the stabilities of the -loop C and D foldons are only partially
coupled, with the stability of -loop C falling off faster as pH falls below 7.34,39 The
decreased stability of -loop C was attributed to protonation of either His26 or a heme
propionate. Heme propionates 6 and 7 (HP6 and HP7) are part of an extensive buried
hydrogen bond network involving a buried water, Asn52, Tyr67, Thr49, Thr78 and
Met80, which likely mediates cooperativity between these two -loops and has recently
been implicated as gating access to conformers of Cytc competent for peroxidase activity
(Figure 3.1).32 Thus, destabilizing effects of the I81A and V83G substitutions and their
collateral effects on peroxidase activity may only become apparent at lower pH because
of uptake of a proton by this hydrogen bond network.
To test this hypothesis, we have studied the properties of I81A and V83G variants of
Hu Cytc under acidic conditions. We find that I81A variant is less stable to acid and its
intrinsic peroxidase activity is enhanced 7 – 10-fold relative to WT Hu Cytc at pH 5 and
6. As in previous work on these variants of Hu Cytc, the effect of the V83G substitution
is more modest.32

MATERIALS AND METHODS
Mutagenesis and Protein Purification. The I81A and I81A-r, V83G and V83G-r
primers (Invitrogen; see Table S3.1) were used to add the I81A and V83G mutations via
PCR-based mutagenesis to the WT Hu Cytc gene in the pBTR(HumanCc) vector.40 The
pBTR(HumanCc) vector is a derivative of the pBTR1 expression vector41,42 with a
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synthetic gene for Hu Cytc inserted in place of the yeast iso-1-Cytc gene.40,43 It coexpresses yeast heme lyase allowing covalent attachment of heme to the CSQCH heme
recognition sequence of Hu Cytc in the cytoplasm of Escherichia coli. Sequencing to
confirm the I81A and V83G mutations was performed by Eurofins Genomics (Louisville,
KY).
The I81A and V83G Hu Cytc variants were expressed in BL21(DE3) E. coli cells
carrying the corresponding mutated pBTR(HumanCc) vector. Purification was carried out
as previously reported.24,44,45 Briefly, cells were broken using a Q700 sonicator (Qsonica,
LLC). After the lysate was cleared via centrifugation, a 50% ammonium sulfate cut was
used to remove less positively charged protein impurities. The supernatant after
centrifugation was dialyzed against 12.5 mM sodium phosphate, pH 7.2, 1 mM EDTA, 2
mM β-mercaptoethanol (β-ME) to remove excess ammonium sulfate. After batch
absorption to CM-Sepharose Fast Flow resin equilibrated to deionized water, the resin
was packed in a glass column (BioRad) and washed with 50 mM sodium phosphate
buffer, pH 7.2, 1 mM EDTA, 2 mM β-ME. The protein was then eluted with a linear
gradient of 0-0.8 M NaCl in 50 mM sodium phosphate buffer, pH 7.2, 1 mM EDTA, 2
mM β-ME. Protein was exchanged into 50 mM sodium phosphate at pH 7 and
concentrated by ultrafiltration and then 1.5 ml aliquots of ~3 mg/mL protein were flash
frozen in liquid nitrogen and stored at -80 °C. Prior to experiments, proteins were
purified using a HiTrap SP HP 5.0 mL column coupled to an ÄKTAprime plus
chromatography system (GE Healthcare Life Sciences). Protein samples were
concentrated by ultrafiltration and oxidized with K3[Fe(CN)6], followed by separation of
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oxidized Cytc from the oxidizing agent using a G25 Sephadex column equilibrated to and
run with buffer appropriate to the experiment.
Global Stability Measurements by Guanidine Hydrochloride Denaturation. Global
stability measurements were performed at 25 °C using GdnHCl as a denaturant.
Measurements were performed with an Applied Photophysics Chirascan circular
dichroism (CD) spectrometer coupled to a Hamilton Microlab 500 Titrator, as previously
discussed.46,47 Briefly, each variant at 4 μM concentration in 20 mM Tris, pH 7.5, 40 mM
NaCl and ~6 M GdnHCl was titrated into protein at the same concentration in 20 mM
Tris, pH 7.5, 40 mM NaCl in a 4 mm pathlength cuvette containing a stir bar (Hellma
Analytics: 119004F-10-40). After each addition, the sample was stirred for 100 s to mix,
followed by data collection at 222 and 250 nm. Baseline correction was accomplished by
subtracting the ellipticity at 250 nm from the ellipticity at 222 nm (θ222corr = θ222 − θ250).
Plots of θ222corr versus GdnHCl concentration for I81A or V83G Hu Cytc were fit to a
two-state model using non-linear least squares methods (SigmaPlot v. 13; Systat
Software, Inc.), assuming a linear free energy relationship and native and denatured state
baselines that depend linearly on GdnHCl concentration, as described previously.24 The
free energy of unfolding in the absence of denaturant, ΔGu°'(H2O), and the m-value were
extracted from these fits. Parameters are the average and standard deviation of a
minimum of three independent trials.
Measurement of the Alkaline Conformational Transition. A Beckman Coulter DU
800 spectrophotometer was used for pH titrations monitored at 695 nm and 22 ± 2 °C to
measure the alkaline conformational transition, as previously described.48 Briefly, a 600
μL 2× stock solution of 400 μM oxidized I81A or V83G Hu Cytc in 100 mM NaCl was
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prepared. The 2× stock and 100 mM NaCl solution were mixed 1:1 to achieve a 1×
solution of 200 μM oxidized I81A or V83G Hu Cytc in 100 mM NaCl. pH titrations were
carried out by adding equal volumes of appropriate concentrations of NaOH or HCl in
100 mM NaCl and the 2× stock to maintain a constant protein and salt concentration
throughout the titration. pH was measured with a Denver Instrument UB-10 pH/mV
meter using an Accumet double junction semi-micro pH probe (Fisher Scientific Cat. No.
13-620-852). Absorbance at 750 nm was subtracted from absorbance at 695 nm to correct
for baseline drift (A695corr = A695 − A750).
Plots of A695corr versus pH for the I81A and V83G variants were fit to a modified
form of the Henderson−Hasselbalch equation, eq. 3.1.

(3.1) 𝐴695corr =

AN + AAlk × 10𝑛[p𝐾app − pH]
1 + 10𝑛[p𝐾app − pH]

In eq 3.1, AN is corrected absorbance at 695 nm for the native state with Met80 bound to
the heme, Aalk is the corrected absorbance at 695 nm for the alkaline state with lysine as
the alkaline state heme ligand, pKapp is the apparent pKa of the alkaline transition, and n is
the number of protons coupled to the alkaline transition.
Measurement of Acid Unfolding of I81A and V83G Hu Cytc. Acid unfolding of WT
Hu Cytc and variants of Hu Cytc was monitored between 500 nm and 750 nm on a
Beckman Coulter DU 800 spectrophotometer. The protein sample preparation is
analogous to measurement of the alkaline conformational transition. A 2× stock solution
of 400 μM oxidized protein in 100 mM NaCl was prepared and diluted in a 1:1 ratio with
100 mM NaCl solution. Titrations were monitored at room temperature (22 ± 2 °C) at a
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final protein concentration of 200 μM. Titrations were performed by adding equal
amounts of an appropriate concentration of HCl or NaOH in 100 mM NaCl and a 2×
protein stock to keep the protein and salt concentrations constant throughout the
experiment. pH was measured with a Denver Instrument UB-10 pH/mV meter using an
Accumet double junction semi-micro pH probe. Data were analyzed in a similar manner
as for the alkaline transition using an equation analogous to eq 1 to extract the midpoint
pH, pH1/2, for acid unfolding. The absorbance data as a function of pH were also fit to a
pH dependent observed equilibrium constant, Kobs (pKobs = pKC(A/N)/[(1+10n(pKa-pH)]),
between the acid unfolded state, A, and the native state, N, using eq 3.2.
(3.2) 𝐴 =

AA + AN [10-pKC(A/N)/1 + 10n (pKa-pH)]
1 + [10-pKC(A/N)/1 + 10n(pKa-pH)]

In eq 3.2, A is the absorbance at the wavelength being monitored, AA is the
absorbance of the acid state, AN is the absorbance of the native state, pKa is the acid
dissociation constant of the group which protonates upon acid unfolding and pKC(A/N) (= logKC(A/N)) is the conformational equilibrium constant at high pH for formation of the
native state where the ionizable group is fully deprotonated. Given the pH range of acid
unfolding, we assume pKa is 4, corresponding to ionization of carboxylate groups such as
a heme propionates.49
pH Jump Stopped-flow Kinetics of the Alkaline Transition. As previously
reported,23,24 pH jump stopped-flow experiments were executed at 25 °C using an
Applied Photophysics SX20 stopped-flow spectrometer. A total of 5000 data points were
collected on a logarithmic time scale monitoring at 398 nm (A398). Both upward and
downward pH jump data were collected in increments of 0.25 pH units. Initial sample
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conditions for upward pH jumps were 20 μM I81A or V83G Hu Cytc in 100 mM NaCl
(pH adjusted to 6). This solution was mixed in a 1:1 ratio with 50 mM buffer of the
desired pH (pH 7.5-11) in 100 mM NaCl. Downward pH jumps were carried out in a
similar manner beginning at pH 10.5 and jumping to the pH regime 7-8. Effluent was
collected, and the final pH was measured with a Denver Instrument UB-10 pH/mV meter
using an Accumet double junction semi-micro pH probe and found to be within error of
the pH of the final pH buffer before mixing. Buffers were as follows: NaH2PO4 (pH
7.0−7.5), Tris (pH 7.75−8.75), H3BO3 (pH 9−10), and CAPS (pH 10−11). A minimum of
5 consecutive traces were collected at each pH. Plots of A398 versus time were fit to an
equation incorporating the appropriate number of exponential functions.
Guaiacol Assay of Peroxidase Activity. The peroxidase activity was measured with the
colorimetric reagent, guaiacol, using previously reported conditions and procedures.8,23,24
The reaction was monitored at 25 °C using an Applied Photophysics SX20 stopped-flow
apparatus. The formation of tetraguaiacol from guaiacol and H2O2 in the presence of Cytc
was monitored at 470 nm. 4× Cytc (4 μM) in 50 mM buffer was mixed in a 1:1 ratio with
4× guaiacol in 50 mM buffer to produce a 2x Cytc 2× guaiacol stock in 50 mM buffer.
This solution was mixed 1:1 with 2× H2O2 (100 mM) in 50 mM buffer yielding a final
solution containing 1 μM Cytc, 50 mM H2O2 and guaiacol at the desired concentration in
50 mM buffer (acetate, pH 5; MES, pH 6; phosphate, pH 7; Tris, pH 8). H2O2
concentration was determined using the extinction coefficient of H2O2 (ε240 = 41.5 M-1
cm-1; average of published values50,51). Guaiacol concentration was determined
spectroscopically (ε274 = 2,150 M-1 cm -1).52 Final guaiacol concentrations were 0, 2, 4, 6,
8, 10, 15, 20, 25, 30, 40, 50, 60, 80, and 100 μM.
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The segment of the A470 versus time data with the greatest slope following the initial
lag phase was used to obtain initial velocity, v, at each guaiacol concentration. The data
were fit to a linear equation and the slope from five repeats was averaged. The slope
(dA470/dt) was divided by the extinction coefficient of tetraguaiacol at 470 nm (ε470 =
26.6 mM-1cm-1)53 and multiplied by 4 (4 guaiacol consumed per tetraguaiacol produced)
to give the initial rate of guaiacol consumption, v. The initial rate, v, was divided by Cytc
concentration, plotted against guaiacol concentration and fit (SigmaPlot v.13) to eq. 3.3
to obtain Km and kcat values.
(3.3)

𝑣
𝑘cat ∙ [Guaiacol]
=
[Cyt𝑐]
𝐾m + [Guaiacol]

RESULTS
Global Stability of Hu Cytc Variants. Global unfolding thermodynamics of I81A and
V83G Hu Cytc variants were monitored by CD at 25 °C and pH 7.5 with the use of
GdnHCl as a denaturant. Figure 3.2 compares the denaturation curves, θ222corr versus
GdnHCl concentration, for the two proteins and previously reported data for WT Hu
Cytc.24 Thermodynamic parameters from fits to a two-state model are given in Table 3.1.
The unfolding curve for both the I81A and V83G variants both shift to slightly higher
GdnHCl concentration relative to WT Hu Cytc, yielding unfolding midpoint
concentrations, Cm, that are slightly higher than for WT Hu Cytc. However, there are
significant decreases in the cooperativity, m-value (see Figure 3.2 and Table 3.1), for
both variants relative to WT Hu Cytc. For the V83G variant, the extrapolated ΔGu°'(H2O)
is within error unchanged relative to WT Hu Cytc. For the I81A variant the decrease in
the m-value by approximately 0.4 kcal mol-1 M-1 leads to a 0.6 kcal mol-1 decrease in
ΔGu°'(H2O) relative to WT Hu Cytc.
87

The effects of the V83G and I81A substitutions on the stability of Hu Cytc reported
previously32 are similar to our observations. The absolute magnitudes of ΔGu°'(H2O) in
this recent report32 are about 1 kcal/mol larger than what we observe. This difference
largely results from m-values that are 0.4 – 0.6 kcal mol-1 M-1 larger than what we
observe. The long extrapolation from similar values of Cm (near 2.6 M GdnHCl)
produces larger values of ΔGu°'(H2O). These differences likely result from the use of a 10
mM phosphate buffer for GdnHCl unfolding studies in the previous study.32 Even at 10
mM, phosphate is known to have a

Figure. 3.2. Denaturation curves of WT (red), I81A (green) and V83G (black) Hu Cytc
are shown as plots of corrected ellipticity at 222 nm, θ222corr, versus GdnHCl
concentration. Solid curves are fits to a two-state model for unfolding as described in
Materials and Methods. Parameters obtained from the fits are given in Table 1.
Experiments were performed at 25 °C in 20 mM Tris, 40 mM NaCl, pH 7.5 at 4 μM
protein concentration.
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Table 3.1. Thermodynamic parameters for global unfolding of WT,
I81A, and V83G Hu Cytc at 25 oC and pH 7.5
Variant

ΔGuo'(H2O), kcal mol-1 m, kcal mol-1 M-1

Cm, M

WTa

9.5 ± 0.1

3.71 ± 0.05

2.55 ± 0.01

I81A

8.9 ± 0.3

3.29 ± 0.06

2.69 ± 0.05

V83G

9.3 ± 0.3

3.5 ± 0.1

2.64 ± 0.02

a

Parameters are from ref

24

.

significant stabilizing effect on the heme crevice.54 The interaction of phosphate with Hu
Cytc likely increases ΔGu°'(H2O) of Cytc by enhancing the cooperativity of unfolding.

Local Unfolding via the Alkaline Conformational Transition. Since the discovery of
alkaline conformer (state IV) of Cytc in the 1940’s by Theorell and Åkesson,55 the
alkaline conformer has been extensively studied,36,56 and has served as a model system to
study conformational changes related to function.57,58 Some studies have reported that
modifications of Cytc that favor state IV lead to increased peroxidase activity.59 The
alkaline conformer of Hu Cytc is much more accessible (lower pKapp) for both the G41S
and Y48H disease-causing variants.5,6,29,30,33 Often a good correlation between peroxidase
activity and the pKapp for the alkaline transition is observed,23 but the correlation is not
perfect.32 Thus, we measured the local unfolding of Hu Cytc variants at alkaline pH at
695 nm to observe the loss of Met80-heme ligation.36,60 A schematic representation of the
Hu Cytc alkaline conformational transition is shown in Figure 3.3A. Three lysine
residues, namely lysines 72, 73, and 79, from Ω-loop D could all potentially participate in
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alkaline isomerization to displace Met80-heme ligation.42 However, studies on variants of
horse and human Cytc suggest that Lys72-heme ligation is not a major contributor to the
alkaline state.24,61 Representative pH titration data for I81A and V83G Hu Cytc are
compared to previously reported data for WT Hu Cytc24 in Figure 3.3B. The fits of the
data for I81A and V83G to eq 3.1 (Materials and methods) show that the number of
protons, n, linked to the conformational change is approximately equal to 1 (Figure 3.3B,
Table 3.2), consistent with a one proton process as normally observed for the alkaline
transition of Cytc.56,57 The pKapp

Figure 3.3. (A) Schematic representation of the alkaline conformational transition for Hu
Cytc showing all three possible alkaline conformers with lysines from Ω-loop D as
alkaline state ligands. (B) Plots of A695corr versus pH for the alkaline transition for WT
(red), I81A (dark green) and V83G (black) Hu Cytc. Data were collected at room
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temperature (22 ± 2 °C) in 100 mM NaCl solution at 200 μM protein concentration. Solid
lines are fits to eq. 3.1 in Materials and Methods.

Table 3.2. Thermodynamic parameters for the alkaline transition of Hu Cytc
variants
Variant

pKapp

n

WTa

9.54 ± 0.03

1.03 ± 0.02

I81A

8.98 ± 0.02

0.92 ± 0.03

V83G

10.04 ± 0.02

1.17 ± 0.05

a

Parameters are from ref. 44.

for the I81A variant decreases by approximately 0.5 units relative to that for WT Hu
Cytc. By contrast, the pKapp for the V83G variant is about 0.5 units higher than that for
WT Hu Cytc. The values we observed for pKapp for WT and V83G Hu Cytc are within
error of those reported, recently.32 However, we observe a significant decrease in the
pKapp of the I81A variant not observed in the recent report. The pKapp of the alkaline
transition is sensitive to ionic strength and specific anion binding.54 A strong binding site
for phosphate at lysines 86, 87 and 88 has been characterized,62,63 which appears to
strengthen the heme-Met80 bond most strongly over the concentration range of 1 – 20
mM phosphate anion.64 Our alkaline transition was measured in 100 mM NaCl compared
to 20 mM sodium phosphate for the recent report. These conditions should produce
similar values for the pKapp of the alkaline transition,54 however, it is possible that the
I81A mutation has a specific effect on the nearby phosphate binding site.
Acid unfolding of WT, I81A and V83G Hu Cytc. Cytc can also undergo
conformational changes at acidic pH. The acid unfolding of Cytc is a complex
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process.49,65-67 It is typically linked to 2 – 3 protons.36,68 Acid unfolding leads to the
formation of states II and I from the native state (state III). State II is compact and
globular whereas state I is unfolded.65 The two transitions are not well-separated at low
ionic strength, but state II is stabilized with respect to state I as ionic strength increases
also consistent with state II being compact with respect to state I.49 State II is known to be
a mix of low spin and high spin states.49 Originally, the low spin state was thought to
involve Met80 ligation,49 however, more recent resonance Raman data suggest that
ligation by a histidine (likely His 33) is involved in the low spin state II conformer.69 The
cooperativity of acid unfolding can readily be disrupted by amino acid
substitutions.23,46,48,70 In some cases, loss of cooperativity may reflect an increase in the
favorability of a low spin His-heme state II conformer over the high spin state II
conformer.68 Acid unfolding data presented here are carried out in 0.1 M NaCl.
Therefore, significant overlap of the state II and state I transitions is expected.49,65
Spectra as a function of pH show that isosbestic points near 647 and 582 nm are
maintained throughout almost the entirety of the acid unfolding of the I81A variant
(Figure S3.1). Loss of the 695 nm absorbance, which is characteristic of Met80-heme
ligation, is coupled to growth of an absorbance band at 622 nm indicative of high spin
heme with H2O replacing Met8071 in the acid unfolded state (Figure S3.1). Acid
unfolding monitored at 622, 695 and 570 nm is coincident, also indicative of a two-state
process (Figure S3.1). For WT and the V83G variant, acid unfolding is shifted to lower
pH. Spectra as a function of pH show that the isosbestic points near 647 and 582 nm are
lost part way through the acid unfolding transition for these variants (Figures S3.2 and
S3.3). The loss of the isosbestic points is largely caused by changes in the absorbance
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band near 622 nm. These changes begin near pH 2.2 for all three proteins suggesting that
loss of the isosbestic points is caused by the same process in all cases. Given that the 622
nm band is affected the most, this process is likely the loss of His18 ligand, coupled to
unfolding and the formation of state I. Thus, formation of state II appears to be better
resolved from formation of state I for the I81A variant.
Given the complexities of acid unfolding, we will use acid unfolding at 695 nm,
which directly detects Met80 ligation, as a means to compare access to conformers of
I81A, G83V and WT Hu Cytc with compromised Met80 ligation. Representative data for
the acid unfolding of I81A, V83G and WT Hu Cytc monitored at 695 nm are shown in
Figure 3.4. The I81A substitution causes a shift of the acid transition of Hu Cytc
monitored at 695 nm to higher pH, while the V83G substitution causes a shift to slightly
lower pH. Parameters from fits of the acid unfolding data in Fig. 3.4 to the Henderson–
Hasselbalch equation yield an increase in the midpoint pH for for acid unfolding, pH1/2,
of 0.55 units for the I81A variant relative to WT Hu Cytc, whereas the pH1/2 for acid
unfolding decreases by 0.1 units for the V83G variant (Table 3.3). The data were also fit
to eq 2 to yield a conformational pK for formation of the native state from the acid state,
pKC(A/N), which indicate that compared to WT Hu Cytc, the native state is destabilized
relative to the acid state for the I81A variant whereas the opposite is true for the V83G
variant.
Table 3.3 also shows parameters obtained from fits to data at 622 nm. The parameters
are most similar to those obtained at 695 nm for the I81A variant, as expected from the
spectra in Figures S1, S2 and S3. The number of protons linked to the acidic transition is
near 1.8 for both WT Hu
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Figure 3.4. Plots of absorbance at 695 nm vs pH for acid unfolding of WT (red), I81A
(green) and V83G (black) Hu Cytc. The solid curves are fits to the HendersonHasselbalch equation. Parameters from the fits are collected in Table 3.3. Experimental
conditions are as for the data in Figure 3.3B.
Table 3.3. Thermodynamic parameters for the acidic transition of WT and Hu Cytc
variants at 22 ± 2 oC
695 nm

622 nm

Variant

pH1/2

pKC(A/N)

n

pH1/2

pKC(A/N)

n

WT

2.50 ± 0.03

-2.50 ± 0.07

1.64 ± 0.07

2.41 ± 0.03

-1.73 ± 0.06

1.13 ± 0.08

I81A

3.05 ± 0.02

-1.7 ± 0.1

1.76 ± 0.06

3.07 ± 0.04

-1.3 ± 0.1

1.4 ± 0.1

V83G

2.40 ± 0.04

-3.1 ± 0.1

2.0 ± 0.1

2.13 ± 0.04

-2.1 ± 0.1

1.15 ± 0.08

Cytc and two Hu Cytc variants (Table 3). If the 695-monitored transition primarily
reflects the state III to state II transitions the cooperativity is a little high compared to
horse cytochrome c (n ~1.2) under similar solution conditions.49 The proton linkage is
lower when monitored at 622 nm, although the decrease is less pronounced for the I81A
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variant. For the I81A variant, the parameters in Table 3.3 indicate that the accessibility of
a high spin acid state is enhanced relative to WT Hu Cytc.
Kinetics of the Alkaline Conformational Transition of I81A and V83G Hu Cytc.
Thermodynamic studies mentioned above can determine the relative stability of different
Hu Cytc conformers. However, to determine the rates of interconversion between native
and alkaline conformations, stopped-flow pH jump techniques are necessary. As
mentioned above, three Lys residues from Ω-loop D can all potentially displace Met80heme ligation. If three Lys residues each form alkaline conformers with distinguishable
behaviors, up to three kinetics phases could be observed (See Figures S3.4 and S3.5,
Tables S3.2-S3.5). Both upward (from pH 6) and downward (from pH 10.5; Figure S3.6)
pH jump experiments were carried out so that rate constants could be obtained over a
broad pH range. Two slower phases (kobs,1, A1 and kobs,2, A2) and a fast phase (kobs,3, A3)
are observed (Figures 3.5, 3.6 and S3.7).
For I81A Hu Cytc, the slower of the two slow phases, kobs,1, is relatively constant
below pH 8.75 reaching a limiting value near 0.01 s-1 (Tables S3.2 and S3.3). Above pH
8.75, kobs,1 reaches a magnitude near 1.2 s-1 at pH 11.5, but is not detectable above this pH
(Table S3.2, Fig. 3.5A). For V83G Hu Cytc, kobs,1, remains relatively constant below pH
9.5, with values near 0.04 s-1 (Tables S3.4 and S3.5). Above pH 9.5, kobs,1 reaches a
magnitude of ~0.2 s-1 at pH 10.75 (Fig. 3.5A), but is not
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Figure. 3.5. Plots of rate constants as a function of pH for the two slow phases, (A) kobs,1
(triangles) and (B) kobs,2 (circles), of the alkaline transition of the I81A (green) and V83G
(black) variants of Hu Cytc. Filled data points are from upward pH jumps. Open data
points are from downward pH jumps from pH 10.5. Error bars are the standard deviation
of a minimum of five trials. Data points from both upward and downward pH jump
experiments were used in the fits (solid curves) of kobs,1 vs pH data and kobs,2 vs pH data to
eq. 3.4.

detectable above this pH. The amplitude of this phase, A1u, for both I81A and V83G Hu
Cytc rises significantly above pH 8.5 reaching a maximal value near pH 10 and then
decreases (Figure 3.6).
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Figure 3.6. Comparison of amplitude vs pH for the three kinetic phases observed for the
alkaline conformational transition of (A) I81A (dark green) and (B) V83G (black) Hu
Cytc. Filled and open triangles correspond to slow phase 1 for upward, A1u, and
downward, A1d, pH jumps. Filled and open circles correspond to slow phase 2 for
upward, A2u, and downward, A2d, pH jumps. Filled squares correspond to fast phase
amplitude from upward pH jumps, A3. Upward pH jumps are from pH 6. Downward pH
jumps are from pH 10.5. Data points are the average and standard deviation of a
minimum of five kinetic traces. In panel A, A1u vs pH data from pH 7.5 − 10 for I81A Hu
Cytc are fit to eq. 3.5 (solid black curve). In this fit, kb and kf were set equal to the values
determined from the fits of kobs,1 versus pH to eq. 3.4 in Figure 3.5. In panel B, the A3
versus pH data are fit to the Henderson-Hasselbalch equation assuming a one proton
process (dashed black line).

The faster of the two slow phases, kobs,2, has similar behavior for both I81A and
V83G Hu Cytc. Below pH 9, kobs,2 remains relatively constant for both variants. For
I81A, kobs,2 reaches a limiting value near 0.07 s-1 below pH 9 (Tables S3.2 and S3.3). For
V83G, kobs,2 reaches a limiting value near 0.12 s-1 below pH 9 (Table S3.5). Above pH 9,
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kobs,2 increases in magnitude reaching values near 3 s-1 for both variants (Fig. 3.5B). For
I81A Hu Cytc, the amplitude of this phase, A2u, rises significantly above pH 8.5 reaching
a maximum value near pH 10.25 before diminishing (Fig 3.6A). For the V83G variant,
A2u rises significantly above pH 9 reaching a maximum value near pH 10.5 and then
decreases rapidly above pH 10.5 (Fig. 3.6B).
A fast phase is observed between pH 8.75 and 12 for the I81A variant and between
pH 10 and 12 for the V83G variant (Tables S3.2 and S4 and Fig. S3.7). kobs,3 cannot be
obtained with high precision below pH 10.5 for both the I81A and V83G variants. Below
pH 10.5, the magnitude of kobs,3 ranges from 9 to 70 s-1 for the I81A variant and from 30
to 40 s-1 for the V83G variant. Above pH 10.5, kobs,3 remains relatively constant with
values near 30 s-1 for both variants (Figure S3.7). Above pH 11, the amplitude of this
phase, A3, is the dominant amplitude for both variants (Figure 3.6).
Peroxidase Activity of I81A and V83G Hu Cytc. Oxidation of CL by Cytc is believed
to be one of the earliest signals for initiation of intrinsic apoptosis.1 To determine the
effect of substituting residues at positions 81 and 83 of -loop D of yeast iso-1-Cytc into
Hu Cytc on the intrinsic peroxidase activity of Hu Cytc, we have measured the
peroxidase activity of these variants from pH 5 to 8 using guaiacol as a substrate.8,53
Michaelis-Menten plots with respect to guaiacol concentration were generated to permit
extraction of kcat and KM across this pH range. Representative Michaelis-Menten plots for
I81A and V83G Hu Cytc are compared to previously reported data for WT Hu Cytc24 in
Figure 3.7A. At pH 7, it is evident that the I81A substitution
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Figure. 3.7. Peroxidase activity of WT, I81A and V83G Hu Cytc. (A) Michaelis-Menten
plots for WT (red circles), I81A (green circles) and V83G (black circles) Hu Cytc at pH
7. The solid curves are fits to eq 3.3 (Materials and methods). Data were acquired at 25
°C in 50 mM sodium phosphate, 100 mM NaCl. (B) kcat versus pH for WT (red bars),
I81A (green bars) and V83G (black bars) Hu Cytc. Error bars are the standard deviation
from three independent experiments.

causes a significant increase in kcat, while the V83G substitution leads to a modest
decrease in kcat at pH 7. Figure 3.7B compares kcat values of for I81A and V83G variants
from pH 5 to 8 to previously reported data for WT Hu Cytc.24 Similar behavior is
observed at all pH values for the I81A and V83G variants relative to WT Hu Cytc. The
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KM values with respect to guaiacol concentration are not strongly affected by the I81A
and V83G substitutions (Table 3.4).

Table 3.4. Michaelis-Menten parameters as a function of pH at 25 oC for the peroxidase
activity of Hu Cytc variants
pH

kcat, s-1

Km, M
WT

I81A

V83G

5.0

32 ± 2

31 ± 2

15 ± 2

6.0

14 ± 2a

11.0 ± 0.1

7.0
8.0
a

I81A

V83G

0.11 ± 0.03

1.20 ± 0.03

0.16 ± 0.01

23 ± 3

0.108 ± 0.007a

1.00 ± 0.02

0.103 ± 0.005

5.7 ± 0.3a 15.6 ± 0.6

13 ± 2

0.112 ± 0.002a

0.96 ± 0.01

0.090 ± 0.004

11 ± 2a

18 ± 3

0.06 ± 0.01a

0.43 ± 0.05

0.058 ± 0.006

8.1 ± 0.4

WT

Parameters taken from ref. 24.

DISCUSSION
Effects of the I81A and V83G Mutations on the Local and Global Stability of Hu
Cytc. Our structure of K72A iso-1-Cytc structure37 (PDB Entry 4MU8) demonstrates that
a minimal structural rearrangement of -loop D can transform Cytc from a conformation
favoring electron transport to one favoring peroxidase activity. Besides the necessary
movement of Met80, the largest backbone adjustments in -loop D of iso-1-Cytc occur
near Ala81 and Gly83. Thus, decreasing the steric constraints at these positions in the
human protein with I81A or V83G substitutions might be expected to have significant
effects on local and global stability. With regard to global stability, a small upshift in the
midpoint for GdnHCl unfolding, Cm, for both variants is counteracted by a lower GdnHCl
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m-value relative to WT Hu Cytc. The net effect is that the global stability, ΔGu°'(H2O), of
the V83G variant is within error the same as WT Hu Cytc and that of the I81A variant
decreases by ~0.6 kcal/mol (Table 3.1).
Changes in global stability and the accessibility of the alkaline conformer typically
correlate well,47,61,72,73 because of the sequential unfolding demonstrated for the foldon
units of equine Cytc.74 The G°'I81A/WT value for the alkaline transition [G°'I81A/WT =
2.3RT[pKapp(I81A) - pKapp(WT)] is 0.76 ± 0.05 kcal/mol. The G°'I81A/WT value for
acid unfolding at 695 nm [G°'I81A/WT = 2.3R[(pKC(A/N)(WT) - pKC(A/N)(I81A)] is 1.0 ±
0.1 kcal/mol. The choice of the pKa of the ionizable group effects the absolute magnitude
of pKC(A/N), however, the effect on G°'I81A/WT is modest (changing the pKa from 4 to 6,
decreases G°'I81A/WT to 0.7 ± 0.1 kcal/mol). The G°'I81A/WT value for global
unfolding [G°'I81A/WT = ΔGu°'(H2O)I81A - ΔGu°'(H2O)WT] of -0.6 ± 0.3 kcal/mol. The
similarity of these values suggests that the I81A substitution destabilizes the native state
of Hu Cytc and that the destabilization is likely localized in -loop D, the substructure
that is disrupted in the alkaline transition. The stability of -loops C and D decrease
significantly below pH 6.39 Thus, the greater accessibility of excited states relevant to
peroxidase activity caused by the destabilization of the native state of the A81I variant is
expected to be more evident at acidic pH. Histidine-heme ligation can occur during
formation of state II,69 blocking access to the high spin state needed for peroxidase
activity. However, the close coincidence of loss of the 695 nm absorbance due to Met80heme ligation and the growth of the 622 nm band due to high spin heme (Figure S3.1)
indicates that population of a His-heme conformer is minimal as the acid state of the
I81A variant forms.
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The G°' values do not correlate as well for the V83G variant. G°'V83G/WT for the
alkaline transition, acid unfolding and global unfolding are +0.67 ± 0.05, +0.8 ± 0.1 and
0.2 ± 0.3 kcal/mol, respectively. The similar stabilization of the native state relative to
the alkaline state and the acid state suggest stabilization of the native state relative to
these partially unfolded states. However, the near-zero G°'I81A/WT for global unfolding
clouds interpretation of the effect of the G83V substitution. For both variants the kinetics
of the alkaline transition indicate that the situation is more complex (vida infra).
The context dependence of the I81A and V83G substitutions is evident from the
different behavior observed when the opposite substitutions (A81I and G83V) were made
in iso-1-Cytc.23 In this case, both variants show increased pKapp values for the alkaline
transition. But, the changes in pKapp were much smaller that observed for the Hu Cytc
variants. The G83V variant of iso-1-Cytc also shows a loss of cooperativity for acid
unfolding (acid unfolding monitored at 695 nm is biphasic).23 Neither variant of Hu Cytc
shows biphasic acid unfolding when monitored at 695 nm (Fig. 3.4). Studies on diseasecausing variants on Hu Cytc suggest that these context-dependent effects may involve
communication between -loops C and D,32 mediated by the more substantial sequence
divergence of -loop C for the yeast versus the human protein.
Kinetics of the Alkaline Transition of the I81A and V83G Hu Cytc. The stability of
-loop D is closely correlated with that of the alkaline transition.47,61,73 The dynamics of
-loops C and D also control access to the alkaline conformer.72 A number of studies
have shown that the dynamics of the alkaline transition correlate well with access to
peroxidase competent conformers.23,32 As noted in the Results section, it must be kept in
mind that the correlation of alkaline state properties with peroxidase activity is not
102

perfect and that the alkaline conformer itself with lysine-heme ligation is not competent
for peroxidase activity.
The standard kinetic mechanism for the alkaline transition involves a rapid
deprotonation, represented by KH or pKH, followed by a conformational rearrangement in
which a Lys replaces Met80 as the heme ligand. The pH dependence for the observed rate
constant, kobs, for this mechanism is given by eq 3.4.75
(3.4) 𝑘obs = 𝑘b + 𝑘f (

1
)
1 + 10p𝐾H −pH

In eq 3.4, the forward rate constant, kf, represents opening of Ω-loop D as the Met80heme ligand is lost, and the backward rate constant, kb, is for the return to the native
conformer from the alkaline state. For this mechanism, the amplitude for the alkaline
transition versus pH can be fit to eq 3.5.75
1
(3.5) ∆A = ∆At (
)
𝑘
1 + b (1 + 10p𝐾H −pH )
𝑘f
In eq 3.5, ΔA is the observed amplitude and ΔAt is the total amplitude when the alkaline
transition goes to completion. The other parameters are as defined for eq 3.4.
Previous work on the alkaline conformational transition of the I81A and V83G
variants of Hu Cytc also observed that the pH jump data of these variants deviated from a
single exponential in the lower pH regime.32 However, in this work, the data were fit to a
single exponential equation because the deviation was considered to be small. Downward
pH jump data were not collected in this previous study.32 Because we observed that the
double exponential behavior persisted in downward pH jump experiments, we decided to
fit all of our pH jump data to a double exponential. We note, of course, that fitting two
closely spaced kinetic phases increases the uncertainty in the parameters obtained. As in
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the previous study, we also observed the emergence of a fast phase at higher pH. We
focus first on the two predominate kinetic phases observed below pH 11 (Figures 3.5 and
3.6).
As expected for the kinetic model for the formation of the Lys-heme alkaline
conformer, kobs,1 and kobs,2 increase as pH increases (Fig. 3.5) for both the I81A and V83G
variants as the Met80-heme ligand is replaced with a lysine from positions 72, 73 or 79

Table 3.5. Kinetic parameters for the alkaline transition of I81A and V83G Hu Cytc at 25
oC

Variant Rate

kf, s-1 a

kb, s-1 b

pKH a

pKC c

12.0 ± 0.4

-2.7 ± 0.4

pKappcalc d

constant
WTe

kobs

17 ± 13

I81A

kobs,1

1.6 ± 0.2

0.011 ± 0.003

10.7 ± 0.2
(10.8 ± 0.1)f

-2.2 ± 0.1

8.6 ± 0.2
(8.7 ± 0.2)g

kobs,2

3.8 ± 0.2

0.07 ± 0.01

10.8 ± 0.1

-1.74 ± 0.08

9.1 ± 0.1

kobs,1

0.7 ± 0.2

0.039 ± 0.003

11.2 ± 0.1

-1.2 ± 0.1

9.9 ± 0.2

kobs,2

6±1

0.13 ± 0.01

11.2 ± 0.1

-1.68 ± 0.08

9.6 ± 0.2

V83G

a

From fits to eq 3.4. Errors are the standard errors in the parameters from the fit to eq 3.4.
Average and standard deviation of kobs,1 or kobs,2 for downward pH jumps. cpKC = LogKC,
where KC = kf/kb, and KC is the conformational equilibrium constant after the triggering
deprotonation. Error is from standard propagation of the errors in kf and kb. dpKappcalc = pKH +
pKC. eData from ref 32. Data were fit to a single exponential. The value of kb was not available
because downward pH jump experiments were not carried out. The value of pKC was calculate
as pKC = pKapp – pKH using the pKapp = 9.3 ± 0.2 from equilibrium experiments. pKC for the
I81A and G83V variants using data in ref. 32 are -2.2 ± 0.2 and -1.6 ± 0.2, respectively. fFrom
fit of amplitude data in Fig. 3.6 to eq 3.5 using kf and kb in this table. gCalculated using pKH
from amplitude data.
b
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(Fig. 3.3A). The solid lines in Fig. 5 show fits of kobs,1 and kobs,2 versus pH to eq. 3.4. The
values of kf and pKH from these fits are reported in Table 3.5. For kb, the fitted curves to
eq. 3.4 systematically somewhat underestimate the actual values of kobs obtained from
downward pH jump experiments in the low pH range. Thus, for kb in Table 3.5, we report
the average values of kobs,1 and kobs,2 from downward pH jump experiments. The values of
kf and kb can be used to calculate the pK for the conformational equilibrium between the
native and the alkaline conformer, pKC. These values are also reported in Table 3.5.
Finally, pKappcalc values obtained from pKC and pKH (Table 3.5) are similar to pKapp
obtained in equilibrium experiments (Table 3.2) indicating that the parameters (kb, kf and
pKH) obtained from fits of eq. 3.4 to the kobs versus pH data are reasonable.
The values for pKH for the triggering group are near 11 for both variants, suggesting
that the nature of the triggering ionization is not strongly affected by either mutation.
Given the different analyses applied to the data in our work and previous work32 the
values of pKH obtained for the triggering ionization are also similar to the previous work
(11.6 ± 0.1 and 11.7 ± 0.2 for A81I and G83V, respectively32).
Although the previous study did not collect downward pH jump data, they used the
equilibrium pKapp and pKH to obtain pKC, and found pKC to be near 2 for WT and both
the V83G and A81I variants (see Table 3.5).32 This value of pKC is qualitatively similar
to the values we observe in Table 3.5. In our analysis, the pKC values obtained for kobs,2
are unchanged between the I81A and V83G variants, both being near 1.7. The primary
cause of the increased accessibility of the alkaline state is the phase corresponding to
kobs,1, with the favorability of this alkaline conformer increasing by almost a factor of 10
for the I81A (pKC ~ 2.2) versus the V83G (pKC ~ 1.2) variant. The greater favorability
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of the process corresponding to kobs,1 for the I81A variant versus the V83G variant is also
evident in the amplitude data. For upward pH jump data, A1u attains a higher amplitude
for the I81A variant than the V83G variant and does so at less alkaline pH (Fig. 3.6). In
downward pH jumps, A1d clearly dominates over A2d for the I81A variant whereas it does
not for the V83G variant. These observations suggest that the dynamics of -loop D may
be bipartite. In particular, the I81A substitution affects the alkaline transition for one
alkaline conformer and not the other. For kobs,1, the value of kf increases for I81A versus
V83G and kb decreases for I81A versus V83G suggesting a combined effect of both a
destabilization of the native state and a stabilization of this particular alkaline state.
In previous work on an A81H variant of iso-1-Cytc, we showed that an increase in the
steric size at position 81 that mimics the evolutionary replacement of Ala in yeast iso-1Cytc to Ile in higher eukaryotes inhibits rupture of the Fe-Met80 bond.38 In this case, the
bulky group also provided the heme ligand. For an A81I substitution in yeast iso-1Cytc,23 stabilization of the heme crevice and the decrease in the peroxidase activity were
more modest. These differences also suggest bipartite dynamics for -loop D. In the case
of the A81H variant, the dynamics are mediated by His81. For the A81I variant of yeast
iso-1-Cytc, the dynamics of alkaline transition mediated by Lys79 were slowed relative
to WT iso-1-Cytc.23 The opposite effect might be expected for the I81A variant of Hu
Cytc, suggesting that the enhancement of the dynamics of kobs,1 reflects an enhancement
of dynamics near the Lys79 end of -loop D. Further mutagenesis studies would be
necessary to confirm this conclusion.
A fast phase (kobs,3, A3) occurring on a 30 ms time scale was observed for both I81A
and V83G variants, as reported previously.32 For both variants, the phase grows in rapidly
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above pH 10.25, resulting in rapid diminishment of Lys-heme alkaline conformer kinetic
phases. For the G83V variant, the pH dependence of A3 can be fit to the HendersonHasselbalch equation with an apparent pKa of 11.4 ± 0.1. The growth of A3 with pH for
the I81A variant is more irregular and does not fit well to Henderson-Hasselbalch
equation. This phase has been previously observed in eukaryotic Cytc72,76 and has been
attributed to unfolding of the least stable substructure of Cytc,72 displacement of Met80
by hydroxide,76 or formation of a weakened Met80-heme bond.76 Similar phases have
also been observed with yeast iso-1-Cytc.23,38 The transient nature of this phase is
consistent with the fact it is not observed in downward pH jump experiments. This fast
phase is observed from pH 8.75-12 for the I81A variant but only from 10-12 for V83G
variant, suggesting that rupture of the Met80-heme bond is more facile in the I81A
variant. The accessibility of fast dynamics associated with breakage of the Met80-heme
bond at a less alkaline pH may also provide better access to conformational states that
enhance peroxidase activity for the I81A variant.
Effects of the I81A and V83G Substitutions on the Peroxidase Activity of Hu Cytc.
The primary motivation of this work was to test the effect of potential peroxidase activity
gatekeeper residues at positions 81 and 83 that were revealed by structural studies on a
K72A variant of yeast iso-1-Cytc.10 At all pH values we tested, kcat for the peroxidase
activity of WT and variant Hu Cytc follows the order I81A > WT ≈ V83G. This order is
identical to that observed for KC of the slower phase of the alkaline transition (kobs,1) for
I81A (~140) versus V83G (~17) (the KC for WT cannot be determined definitively
because of the lack of a well-defined upper constraint on the fit in our previous study24 or
lack of downward pH jump data in another recent study32). At all pH values, kcat is 7- to
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10-fold larger for the I81A variant compared to the V83G variant. The similarity in the
factor by which KC for kobs,1 and kcat increase for the I81A versus the V83G variant
suggest that the dynamics that produce both the alkaline conformer corresponding to kobs,1
and peroxidase activity are similar. The fast phase, kobs,3 is also observed at lower pH for
the I81A variant compared to the V83G variant. Given that this phase has been attributed
to unfolding of the least stable substructure of Cytc,72 and displacement of Met80 by
hydroxide or a weakened Met80-heme bond,76 the lower pH accessibility of this phase
may also contribute to the enhanced peroxidase activity of the I81A variant of Hu Cytc.
Relative to the native conformer, the alternate conformer of iso-1-Cytc with the
Met80 heme ligand displaced by water, leads to a 2.18 Å RMSD at residue 81 versus a
smaller RMSD of 1.26 Å for position 83.10 Therefore, it is not surprising that the I81A
substitution has more impact than the V83G substitution on the peroxidase activity of Hu
Cytc.
In previous work on the I81A and V83G variants of Hu Cytc,32 a smaller two-fold
increase in the peroxidase activity (turnover number) of the I81A variant was observed at
pH 6.5 with a lesser effect for the V83G variant. Peroxidase activity was measured at a
single 2-azinobis(3-ethylbenthiazoline-6-sulfonic acid) (ABTS) concentration, under
different buffer conditions and at 50-fold lower H2O2 concentration than used in this
study. The Km for H2O2 has been reported to be 65 mM for the peroxidase activity of
horse heart Cytc with ABTS as substrate.77 The different measurement conditions likely
account for the discrepancy between our measured peroxidase activity for the I81A
variant and the previously reported value. However, in this same study,32 azide binding to
the WT, V83G and I81A Hu Cytc showed that the rate constant for opening the heme
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pocket was similar for WT and V83G Hu Cytc, but increased ~3-fold for the I81A
variant. The azide binding result correlates with the increase in peroxidase activity we see
for the I81A variant and the lack of an increase that we observed for the G83V variant
relative to WT Hu Cytc.
Other results from mutational studies demonstrate the importance of the primary
structure of of -loop D for controlling access to peroxidase-competent conformers of
Cytc. Studies on a set of variants of yeast iso-1-Cytc, involving substitution of the
conserved residue Phe82, show enhancement in the ability to oxidize polycylic aromatic
hydrocarbons in the presence of H2O2 by up to 10-fold.78 Azide binding data from
another study on these variants79 show that increased peroxidase activity has some
correlation with the rate constant for the opening the heme pocket, underscoring the
importance of the dynamics of this loop for the function of Cytc.
Implication of Increased Peroxidase Activity at Acidic pH. Oxidation of CL by Cytc
is a crucial step during the activation of apoptotic machinery.1 Recent work has indicated
that high spin heme states become more accessible as pH decreases particularly in the
presence of CL membranes.4 For the I81A variant, acid unfolding and the high spin state
associated with acid unfolding populate at pH values closer to physiological pH than for
WT and V83G Hu Cytc. This greater accessibility of the acidic high spin state also likely
contributes to the much higher intrinsic peroxidase activity of the I81A variant relative to
WT and V83G Hu Cytc below pH 7. The pH driven increase in peroxidase activity as pH
decreases below pH 7 may be physiologically relevant. Cytc localizes in the
intermembrane space of mitochondria, where Cytc carries out its electron transfer
function. The pH of the intermembrane space of mitochondria is lower (pH = 6.88 ±
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0.08) than the matrix or the cytoplasm (pH = 7.6 – 7.8).21 During apoptosis cytosolic pH
decreases to 5.8.22 A bulky residue, like Ile, at position 81 appears to allow mammalian
Cytc to maintain low intrinsic peroxidase activity under the more acidic conditions that
prevail in the intermembrane space. Recent work on methionine-oxidized Cytc80 also
shows that acidic pH can enhance the peroxidase activity of Cytc when high spin states of
the heme are made more accessible. Thus, evolution of Cytc to limit access to high spin
heme on the mildly acidic side of physiological pH appears to be important for Cytc
evolving into an effective peroxidative signaling switch for apoptosis.
Comparison of our results to previous work on the V83G and I81A variants of Hu
Cytc,32 underscore the importance of solution conditions, particularly the presence of
phosphate anion,54,64 for the dynamics and peroxidase activity of Cytc. Solution pH also
appears to be an important factor.

CONCLUSION
The V83G substitution in Ω-loop D of Hu Cytc only modestly affects global stability
although it increases the local stability of Ω-loop D. The net effect of the V83G
substitution on peroxidase activity is modest. On the other hand, the I81A substitution
decreases both the global stability of Hu Cytc and the local stability of Ω-loop D. This
effect on local stability appears to operate through a specific alkaline conformer
suggesting that the dynamics of -loop D may be bipartite. The stability to acid
unfolding is also decreased, increasing the accessibility of high spin heme, which is
essential for peroxidase activity. The changes in the stability and dynamics of the I81A
variant correlate well with the increase in kcat for peroxidase activity from pH 5 to 8
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relative to WT Hu Cytc. These results indicate that evolution of this residue to a more
bulky amino acid was important in downregulating the intrinsic peroxidase activity of
Cytc to make it a more effective signaling switch. Even with this substitution, the
peroxidase activity of Hu Cytc is a factor of 2 to 4 lower than that of yeast iso-1-Cytc
indicating that the evolution of a heme crevice resistant to peroxidase activity extends
beyond -loop D.
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Figures S3.1 to S3.3 show acid unfolding data as monitored by absorbance
spectroscopy for I81A, V83G and WT Hu Cytc. Figures S3.3 to S3.6 show typical pH
jump stopped-flow data with fits for I81A and V83G Hu Cytc. Figure S3.7 shows rates
constants as a function of pH for the fast phase from pH jump experiments for I81A and
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mutagenesis. Tables S3.2 to S3.5 provide rate constants and amplitudes obtained from pH
jump stopped-flow data for I81A and V83G Hu Cytc.
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Supporting Information
Supplementary Tables

Table S3.1.Oligonucleotide primers used for I81A and V83G site-directed
mutagenesis.a
prime
r
I81A
I81A-r
V83G
V83Gr
a

Primer sequence 5’-3’
d(GAAATACATCCCGGGCACGAAAATGGCGTTCGTGGGCATCAAAAAAAAA
G)
d(CTTTTTTTTTGATGCCCACGAACGCCATTTTCGTGCCCGGGATGTATTTC)
d(CGGGCACGAAAATGATCTTCGGCGGCATCAAAAAAAAAGAAGAAC)
d(GTTCTTCTTTTTTTTTGATGCCGCCGAAGATCATTTTCGTGCCCG)

Mutation sites are shown in bold and are underlined.
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Table S3.2: Kinetic parameters for the alkaline transition of I81A Hu Cytc obtained
from upward pH jump data monitored at 398 nm and at 25 oC.
pH

A1u

kobs,1 (s-1)

A2u

kobs,2 (s-1)

8.25

0.0128 ±
0.0003
0.025 ±
0.002
0.046 ±
0.002
0.055 ±
0.002
0.062 ±
0.003
0.064 ±
0.005
0.058 ±
0.006
0.072 ±
0.005
0.040 ±
0.014
0.054 ±
0.017
0.030 ±
0.017
0.034 ±
0.011
0.016 ±
0.003
0.004 ±
0.002

0.0128 ±
0.0007
0.0129 ±
0.0007
0.0184 ±
0.0007
0.025 ±
0.001
0.036 ±
0.001
0.052 ±
0.003
0.083 ±
0.009
0.14 ±
0.01
0.22 ±
0.04
0.49 ±
0.07
0.75 ±
0.16
1.56 ±
0.11
1.16 ±
0.08
1.15 ±
0.18

-

-

0.004 ± 0.002

0.023 ± 0.005

0.04 ±
0.02
0.08 ±
0.02
0.10 ±
0.02
0.13 ±
0.03
0.17 ±
0.03
0.30 ±
0.08
0.5 ± 0.1

0.052 ± 0.014

8.50
8.75
9.00
9.25
9.50
9.75
10.00
10.25
10.50
10.75
11.00
11.25
11.50
11.75
12.00

0.005 ± 0.002
0.010 ± 0.002
0.015 ±0.003
0.020 ± 0.005
0.036 ± 0.007

A3

kobs,3 (s1)

0.0029
±0.0025
0.0018 ±
0.0008
0.0022 ±
0.0003
0.005 ± 0.002

11 ± 9
8±7
16 ± 14
16 ± 10

0.009 ± 0.002

48 ± 31

0.014 ± 0.001

73 ± 11

0.6 ± 0.1

0.021 ± 0.001

68 ± 30

0.032 ±0.016

1.3 ± 0.4

0.028 ± 0.001

51 ± 4

0.047 ± 0.016

1.5 ± 0.2

0.041 ± 0.002

39 ± 2

0.026 ± 0.011

3.2 ± 1.0

0.052 ± 0.002

37 ± 2

0.047 ± 0.004

2.2 ± 0.1

0.051 ± 0.002

35 ± 2

0.046 ± 0.001

2.9 ± 0.1

0.064 ± 0.002

34 ± 2

0.026 ± 0.001

3.6 ± 0.3

0.090 ± 0.002
0.115 ± 0.002

29 ± 1
32 ± 1

120

Table S3.3: Kinetic parameters for the alkaline transition of I81A Hu Cytc obtained
from downward pH jump data monitored at 398 nm and at 25 oC.
pH

A1d

kobs,1 (s-1)

A2d

kobs,2 (s-1)

8.25

0.059 ± 0.001

0.010 ± 0.001

0.021 ± 0.002

0.068 ± 0.008

8.00

0.066 ± 0.002

0.0099 ±
0.0003

0.019 ± 0.001

0.074 ± 0.005

7.75

0.071 ± 0.002

0.0094 ±
0.0001

0.017 ± 0.001

0.082 ± 0.010

7.50

0.061 ± 0.002

0.0101 ±
0.0002

0.017 ± 0.001

0.068 ± 0.007

7.25

0.060 ± 0.004

0.017 ± 0.001

0.021 ± 0.007

0.052 ± 0.018

121

Table S3.4: Kinetic parameters for the alkaline transition of V83G Hu Cytc
obtained from upward pH jump data monitored at 398 nm and at 25 oC.
pH

A1u

8.5

0.0050 ±
0.0002
0.0090 ±
0.0002
0.0117 ±
0.0005
0.018 ±
0.002
0.027 ±
0.002
0.037 ±
0.003
0.036 ±
0.002
0.020 ±
0.002
0.009 ±
0.003
0.005 ±
0.001

8.75
9
9.25
9.5
9.75
10
10.25
10.5
10.75

kobs,1 (s1)
0.048 ±
0.003
0.049 ±
0.005
0.040 ±
0.002
0.041 ±
0.003
0.051 ±
0.003
0.067 ±
0.004
0.082 ±
0.004
0.12 ±
0.01
0.15 ±
0.05
0.23 ±
0.09

A2u

kobs,2 (s-1)

0.0019 ±
0.0005
0.004 ± 0.001

0.20 ±
0.05
0.25 ±
0.11
0.28 ±
0.10
0.30 ±
0.06
0.26 ±
0.03
0.43 ±
0.01
0.81 ±
0.04
1.63 ±
0.09
3.0 ± 0.2

0.006 ± 0.001
0.010 ± 0.006
0.027 ± 0.002
0.061 ± 0.002
0.075 ± 0.003
0.070 ± 0.001

11

0.048 ± 0.002

11.25

0.058 ± 0.001

11.5

0.016 ± 0.002

11.75
12
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2.59 ±
0.04
4.2 ± 0.8

A3

kobs,3 (s1)

0.0041 ±
0.0003
0.0092 ±
0.0006
0.020 ±
0.001
0.034 ±
0.002
0.062 ±
0.003
0.055 ±
0.001
0.099 ±
0.004
0.124 ±
0.001
0.1380 ±
0.0005

44 ± 9
38 ± 13
31 ± 7
30 ± 3
24 ± 1
25 ± 1
21.5 ±
0.6
26.3 ±
0.4
35.5 ±
0.2

Table S3.5: Kinetic parameters for the alkaline transition of V83G Hu Cytc
obtained from downward pH jump data monitored at 398 nm and at 25 oC.
pH

A1d

kobs,1 (s-1)

A2d

kobs,2 (s-1)

8.75
8.50
8.25
8.00
7.50
7.25

0.029 ± 0.003
0.052 ± 0.005
0.053 ± 0.007
0.050 ± 0.004
0.045 ± 0.005
0.048 ± 0.007

0.042 ± 0.003
0.042 ± 0.002
0.040 ± 0.003
0.037 ± 0.003
0.036 ± 0.003
0.038 ± 0.004

0.049 ± 0.003
0.039 ± 0.004
0.039 ± 0.006
0.043 ± 0.005
0.044 ± 0.004
0.041 ± 0.007

0.117 ± 0.005
0.14 ± 0.01
0.14 ± 0.02
0.12 ± 0.01
0.12 ± 0.01
0.13 ± 0.02
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Supplementary Figures

Figure S3.1. Acid unfolding of the I81A variant of human cytochrome c. (A) Spectra
from 570 to 750 nm as a function of pH show that two well-defined isosbestic points at
582 nm and 647 nm persist from pH 5.15 to pH 2.18 (solid lines). The absorbance at 750
nm has been subtracted from the absorbance at each wavelength in each spectrum to
correct for baseline drift during the titration. (B) Plots of corrected absorbance (Acorr =
A – A750) as a function of pH at three different wavelengths showing that acid unfolding
is coincident at all three wavelengths. Absorbance changes above pH 5 suggest a subtle
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change in the heme environment occurs in this pH regime. Solid curves are fits of filled
data points to the Henderson-Hasselbalch equation.

Figure S3.2. Acid unfolding of WT human cytochrome c. (A) Spectra from 570 to 750
nm as a function of pH show that two well-defined isosbestic points at 582 nm and 647
nm persist from pH 4.39 to pH 2.27 (solid lines). The absorbance at 750 nm has been
subtracted from the absorbance at each wavelength in each spectrum to correct for
baseline drift during the titration. (B) Plots of corrected absorbance (Acorr = A – A750) as
a function of pH at three different wavelengths. The titrations show that acid unfolding is
not fully coincident at all three wavelengths. Absorbance changes above pH 5 suggest a
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subtle change in the heme environment occurs in this pH regime. Solid curves are fits of
filled data points to the Henderson-Hasselbalch equation.

Figure S3.3. Acid unfolding of the V83G variant of human cytochrome c. (A) Spectra
from 570 to 750 nm as a function of pH show that two well-defined isosbestic points at
582 nm and 647 nm persist from pH 4.62 to pH 2.29 (solid lines). The absorbance at 750
nm has been subtracted from the absorbance at each wavelength in each spectrum to
correct for baseline drift during the titration. (B) Plots of corrected absorbance (Acorr =
A – A750) as a function of pH at three different wavelengths. The titrations show that
acid unfolding is not fully coincident at all three wavelengths. Absorbance changes above
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pH 5 suggest a subtle change in the heme environment occurs in this pH regime. Solid
curves are fits of filled data points to the Henderson-Hasselbalch equation.
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Figure. S3.4. Absorbance at 398 nm, A398, vs time (log scale) for pH jump stopped-flow
experiments for I81A Hu Cytc from pH 6 to ending pH values of 8.25-12. All data were
collected at 25 °C. To allow the data at different pH values to be overlaid effectively, the
observed A398 was adjusted at some pH values by a constant amount at every time point.
The solid curve at pH 8.25 is fit to a single-exponential equation and at pH 8.5 is a fit to a
double-exponential equation. The solid curves from pH 8.75-11.50 are fits to a threeexponential equation, the solid curve at pH 11.75 is fit to a two-exponential equation. The
solid curve at pH 12 is fit to a single-exponential equation. The bottom panel compares
residuals for the fit to a two-exponential equation (gray) vs a three-exponential equation
(yellow) at pH 8.75. Kinetic parameters are collected in Table S3.2.
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Figure S3.5. Absorbance at 398 nm, A398, vs time (log scale) stopped-flow data for pH
jump experiments for V83G Cytc from pH 6 to ending pH values of 8.50-12. All data
were collected at 25 °C. To allow the data at different pH values to be overlaid
effectively, the observed A398 was adjusted at some pH values by a constant amount at
every time point. The solid curves from pH 8.5-8.75 are fits to a single-exponential
equation, from pH 9.00-9.75 are fits to a two-exponential equation, from pH 10.00-10.75
are fits to a three exponential equation, from pH 11.00-11.50 are fits to a two-exponential
equation, and from pH 11.75-12.00 are fits to a single-exponential equation. The bottom
panel compares residuals for the fit to a two-exponential equation (gray) vs threeexponential equation (dark green) at pH 10.50. Kinetic parameters are collected in Table
S3.4.
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Figure. S3.6. Representative fits to raw data from downward pH jump experiments
demonstrating appropriateness of the fit to a two-exponential equation versus the fit to a
single-exponential equation for V83G Hu Cytc.
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Figure. S3.7. Plots of rate constants for phase 3, (A) I81A variant and (B) V83G variant.
Error bars are the standard deviation of a minimum of five trials.
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CHAPTER 4: The Naturally Occurring A51V Variant of Human Cytochrome c
Destabilizes the Native State and Enhances Peroxidase Activity
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ABSTRACT:
The naturally occurring A51V variant of human cytochrome c is linked to
thrombocytopenia 4 (THC4), a condition that causes a decrease in blood platelet count. A
1.82 Å structure of A51V human cytochrome c shows only minor changes in tertiary
structure relative to wild type human cytochrome c. Guanidine hydrochloride
denaturation demonstrates that the global stability of the A51V variant is 1.3 kcal/mol
less than wild type. The apparent pKa of the alkaline transition of the A51V variant is 1
unit less than wild type indicating a less stable heme crevice. The kcat for peroxidase
activity of the A51V is increased by 6 to 15 fold in the pH range 5 to 8. Stopped-flow pH
jump experiments show that the A51V substitution specifically affects the triggering
ionization for only one of two kinetically distinguishable alkaline conformers and
enhances the accessibility of a high spin heme transient. Acid unfolding experiments
show that A51V human cytochrome c unfolds at less acidic pH also consistent with
destabilization of the native conformer. The effect of the A51V substitution on the
physical properties of cytochrome c is similar but less pronounced than for the two other
THC4–linked substitutions, G41S and Y48H.
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INTRODUCTION
The role of mitochondrial cytochrome c (Cytc) as an electron carrier in the electron
transport chain is well-established.1 More recently Cytc has been shown to have diverse
cellular functions,2 and in particular plays an important role in the intrinsic apoptotic
pathway.3-4 Under apoptotic stimuli, Cytc can oxygenate polyunsaturated acyl chains of
the mitochondrial lipid cardiolipin, (CL),5-6 leading to Cytc dissociation from the
membrane. Upon passage from the mitochondria into the cytoplasm, Cytc interacts with
apoptotic protease activating factor 1, Apaf-1, to form a complex known as the
apoptosome. The apoptosome cleaves procaspase-9 to its active form, caspase-9,
ultimately leading to cell death.7
Cytc contains a single covalently attached heme group. Cys14 and Cys17 bind the
heme via two thioether bonds, while His18 and Met80 are the axial ligands of the heme
iron.8 Thus, the heme iron is six-coordinate and low spin. Heme ligation remains the
same in both ferricytochrome c and ferrocytochrome c, making Cytc an efficient electron
transporter. When Cytc interacts with CL, Cytc can become a peroxidase leading to
oxygenation of CL.5 It is known that heme peroxidases need a pentacoordinate heme or
an available heme coordination site to allow the Fe(III) to react with H2O2.9 Thus, to
convert Cytc from an electron carrier to a classical heme peroxidase, the heme ligation of
Cytc needs to be changed. Previously, we have demonstrated that modest structural
rearrangement of Ω-loop D permits loss of Met80-heme ligation allowing Cytc to gain
peroxidase function.10 We have also shown that the hydrocarbon chains of detergents can
act as structural mimics for CL. These detergents facilitate dimerization of iso-1-Cytc to
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create an available heme coordination site,11 leading to enhancement of the peroxidase
activity of Cytc.12
Given the essential biochemical functions of Cytc, few naturally occurring variants
have been documented in humans. Thrombocytopenia 4 (THC4; OMIM 612004) is an
inherited autosomal-dominant disease whose symptom is a decrease in the number of
platelets in circulating blood.13-14 THC4 is caused by mutation in the Cytc gene (CYCS).
Three Cytc variants (G41S, Y48H and A51V) have been identified so far that cause
THC4.13-16 G41S and Y48H Hu Cytc have been extensively studied.17-24 Both the G41S
and Y48H variants of human Cytc show increased flexibility of -loop C (residues 40 –
57) and -loop D (residues 71 – 85)19-20 as well as more accessible alkaline conformers,
consistent with the enhanced peroxidase activity of both variants. Interestingly, all three
naturally occurring mutations are located in Ω-loop C, which is the least stable
substructure of Cytc.25 Recent in vivo studies indicate that the enhanced peroxidase
activity of the THC4-linked Cytc variants is unlikely the cause of THC4.14 However,
these variants remain excellent model systems for probing the structural factors that
control the peroxidase activity that mediates the early stages of apoptosis.5
In the present study, we probe the effect of the naturally occurring A51V variant on
the properties of human cytochrome c (Hu Cytc). We present an X-ray structure of A51V
Hu Cytc and characterize the global stability, the local stability and the dynamics of Ωloop D as measured by the alkaline conformational transition, the acid unfolding and the
peroxidase activity of A51V Hu Cytc.
EXPERIMENTAL METHODS
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Mutagenesis and Protein Purification. A51V and A51V-r mutagenesis primers
(Invitrogen; see Table S4.1) were used to add the A51V mutation via PCR-based
mutagenesis (QuikChange Lightening, Agilent) to the WT Hu Cytc gene in the
pBTR(HumanCc) plasmid.26 The pBTR(HumanCc) vector is a derivative of the pBTR1
expression vector27-28 with the yeast iso-1-Cytc gene replaced with a synthetic human
Cytc gene. It co-expresses yeast heme lyase allowing covalent attachment of heme to the
CSQCH heme recognition sequence of Hu Cytc in the cytoplasm of Escherichia coli.
Sequencing to confirm the mutation required for the A51V variant was performed by
Eurofins Genomics (Louisville, KY).
The A51V variant of Hu Cytc was expressed in BL21(DE3) E. coli cells (BioRad,
phage T1 resistant strain) transformed with the A51V pBTR(HumanCc) plasmid.
Purification was carried out as previously reported.29-32 Briefly, cells were broken using a
Q700 sonicator (Qsonica, LLC), and the lysate was cleared via centrifugation. Following
50% ammonium sulfate saturation, precipitates were removed via centrifugation, and the
supernatant was dialyzed against 12.5 mM sodium phosphate, pH 7.2, 1 mM EDTA, 2
mM β-mercaptoethanol (β-ME). Protein was then batch absorbed to CM-Sepharose Fast
Flow resin pre-equilibrated to 50 mM sodium phosphate buffer, pH 7.2, 1 mM EDTA, 2
mM β-ME, and then eluted with a linear gradient of 0 – 0.8 M NaCl in 50 mM sodium
phosphate buffer, pH 7.2, 1 mM EDTA, 2 mM β-ME. After concentration and exchange
into 50 mM sodium phosphate, pH 7, by ultrafiltration, 1.5 mL aliquots of ~3 mg/mL
protein were flash frozen in liquid nitrogen and stored at -80 °C. Prior to experiments,
proteins were purified using a HiTrap SP HP 5.0 mL column coupled to an ÄKTAprime
plus chromatography system (GE Healthcare Life Sciences). Protein samples were
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concentrated by ultrafiltration and oxidized with K3[Fe(CN)6]. Separation of oxidized
Cytc from the oxidizing agent was accomplished by Sephadex G25 chromatography
using a running buffer appropriate to the planned experiment.
Global Stability Measurements by Guanidine Hydrochloride Denaturation. Global
stability measurements were performed using GdnHCl as a denaturant. Measurements
were performed with an Applied Photophysics Chirascan circular dichroism (CD)
spectrometer interfaced with a Hamilton Microlab 500 Titrator at 25 °C, as previously
discussed.29-33 Briefly, the A51V variant at 4 μM in 20 mM Tris, pH 7.5, 40 mM NaCl
and ~6 M GdnHCl was titrated into protein at the same concentration in 20 mM Tris, pH
7.5, 40 mM NaCl in a 4 mm pathlength cuvette (Hellma Analytics, Part No. 119004F-1040) containing a stir bar. After each addition, the sample was stirred to mix, followed by
data collection at 222 and 250 nm. Baseline correction was accomplished by subtracting
the ellipticity at 250 nm from the ellipticity at 222 nm (θ222corr = θ222 − θ250). Plots of
θ222corr versus GdnHCl concentration for A51V Hu Cytc were fit to a two-state model
using nonlinear least-squares methods (SigmaPlot v. 13; Systat Software, Inc.), assuming
a linear free energy relationship and with native and denatured state baselines that
depend linearly on GdnHCl concentration.34 The free energy of unfolding in the absence
of denaturant, ΔGu°'(H2O), and the m-value were extracted from these fits. Reported
parameters are the average and standard deviation of three independent trials.
Measurement of the Alkaline Conformational Transition. A Beckman Coulter DU
800 spectrophotometer was used for pH titrations monitored at 695 nm and 22 ± 2 °C to
measure the alkaline conformational transition, as previously described.35 Briefly, a 600
μL 2× stock solution of ~200 μM oxidized A51V Hu Cytc in 200 mM NaCl was
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prepared. The 2× stock and Milli-Q water were mixed 1:1 to achieve a 1× solution of
~100 μM oxidized A51V in 100 mM NaCl. pH titrations were carried out by adding
equal volumes of either NaOH or HCl solutions of appropriate concentration and the 2×
stock so that protein concentration does not change during the titration. pH was measured
with a Denver Instrument UB-10 pH/mV meter using an Accumet double junction semimicro pH probe (Fisher Scientific, Cat. No. 13-620-852). Absorbance at 750 nm was
subtracted from absorbance at 695 nm to correct for baseline drift (A695corr = A695 − A750)
during the titration. A695corr was converted to an extinction coefficient, 695corr, by dividing
by protein concentration determined using the published extinction coefficients for the
isosbestic points at 526.5 and 541.75 nm for spectra near neutral pH.36
Plots of 695corr versus pH for the A51V variant were fit to a modified form of the
Henderson−Hasselbalch equation, eq 4.1.

ε695corr =

𝑛[pH1/2 − pH]

εN +εAlk ×10

𝑛[pH1/2 − pH]

(4.1)

1+10

In eq 4.1, N is the corrected extinction coefficient at 695 nm for the native state with
Met80 bound to the heme, alk is the corrected extinction coefficient at 695 nm for the
alkaline state with lysine as the alkaline state heme ligand,28, 37 pH1/2 is the midpoint pH
of the alkaline transition, and n is the number of protons linked to the alkaline transition.
Acid unfolding of A51V Hu Cytc. Acid unfolding of the A51V variant of Hu Cytc was
monitored in the 500 – 750 nm spectral region with a Beckman Coulter DU 800
spectrophotometer. The initial sample was prepared as for the alkaline conformational
transition. A 2× stock solution of ~200 μM oxidized protein in 200 mM NaCl was
prepared and mixed with an equal volume of MilliQ water producing a ~100 μM solution
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of the A51V variant in 100 mM NaCl. The sample was titrated from pH 7.0 to pH 2.0 by
adding equal volumes of HCl solutions of appropriate concentration and the 2× stock so
that the protein concentration remained unchanged during the titration. After each
addition, a spectrum was acquired and pH was measured with a Denver Instrument UB10 pH/mV meter using an Accumet double junction semi-micro pH probe. The titration
was carried out at room temperature (20 ± 2 °C).
Data were fit as for the alkaline transition using an equation analogous to eq 1 to
extract the midpoint pH, pH1/2, for acid unfolding. Plots of extinction coefficient versus
pH were also fit to a pH dependent observed equilibrium constant, Kobs (pKobs =
pKC(A/N)/[(1+10n(pKa-pH)]), between the acid unfolded state, A, and the native state, N,
using eq 4.2.

ελcorr =

εA + εN [10-pKC(A/N)/1 + 10n (pKa-pH)]
1 + [10-pKC(A/N)/1 + 10n(pKa-pH)]

(4.2)

In eq 4.2, corr is the corrected extinction coefficient at the wavelength being
monitored ( – 750), A is the corrected extinction coefficient of the acid state and N is
the corrected extinction coefficient of the native state at that wavelength, pKa is the acid
dissociation constant of the group which protonates upon acid unfolding and pKC(A/N) (= logKC(A/N)) is the conformational equilibrium constant at high pH for formation of the
native state where the ionizable group is fully deprotonated. Given the pH range of acid
unfolding, we assume pKa is 4, corresponding to ionization of a carboxylate group such
as a heme propionate.38
pH Jump Stopped-flow Kinetics of the Alkaline Transition. As previously reported,3940

pH jump stopped-flow experiments were executed at 25 °C using an Applied
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Photophysics SX20 stopped-flow spectrometer. A total of 5000 data points were
collected on a logarithmic time scale monitoring at 398 nm. Data were collected on a 100
ms to a 100 s time scale depending on final pH. Both upward and downward pH jump
data were collected in increments of 0.25 pH units. Initial sample conditions for upward
pH jumps were 20 μM A51V Hu Cytc in 0.1 M NaCl (pH 6), which was mixed in a 1:1
ratio with 50 mM buffer of the desired pH (pH 7.5 – 11) in 0.1 M NaCl producing a 10
M protein solution in 25 mM buffer in 0.1 M NaCl. Downward pH jumps were carried
out in a similar manner beginning at pH 10.5 and jumping to the pH regime 7 – 8.
Effluent was collected, and the final pH was measured with a Denver Instrument UB-10
pH/mV meter using an Accumet double junction semi-micro pH probe. The pH of the
effluent was within error of the pH of the buffer used for mixing in all cases. Buffers
were as follows: MES (pH 6.0−6.5), NaH2PO4 (pH 6.75−7.5), Tris (pH 7.75−8.75),
H3BO3 (pH 9−10), and CAPS (pH 10-11). A minimum of 5 trials were collected at each
pH. Data were fit to the appropriate exponential function using SigmaPlot v. 13.
Crystallization and Structure Determination of Human A51V Cytc. A51V Hu Cytc
was oxidized with K3[Fe(CN)6], followed by separation from the oxidizing agent and
exchange into 50 mM sodium phosphate pH 7 using Sephadex G-25 chromatography. It
was then concentrated to ~13.5 mg/mL using centrifuge ultrafiltration (Amicon Ultra-4
10,000 MWCO). Screening for crystallization conditions was carried out using the JCSG
screening kits. The ratio of protein to reservoir solution in the drops in the 96 well sitting
drop screening plates was 1:1. We obtained crystals from JCSG core II, well D6 (0.1 M
sodium citrate pH 5.5, 40% w/v PEG 600). Additional vapor diffusion crystallization
experiments were set up in a 24-well plate by expanding upon the pH and precipitant
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concentration of this initial condition. After 3 days to 2 weeks of equilibration at 20 oC,
crystals diffracting to 1.82 Å in the C2221 space group were obtained from a drop
containing 1 L of protein and 1 L of 40% w/v PEG 600, 0.1 M sodium citrate pH 5.7.
Crystals were cryoprotected with 20% glycerol and flash frozen in liquid N2 for data
collection.
The X-ray diffraction dataset was collected under cryogenic conditions at 100 K
using the SMB beamline 9-2 of the Stanford Synchrotron Radiation Lightsource (SSRL)
and a Pilatus 6 M detector. Diffraction data were processed using iMOSFLM41 and scaled
and merged using Aimless.42 The initial electron density map was determined using
phases obtained with the molecular replacement method using MOLREP,43 incorporated
in the CCP4i2 software suite,44 and the coordinates of the K72A human Cytc structure
(PDB ID: 5TY3)45 as a search model. The initial model was built into a continuous
electron density map and subsequently refined using REFMAC46 and PHENIX.47 The
structure model was further refined to 1.82 Å resolution by multiple rounds of manual
model rebuilding with COOT48 and restrained refinement with REFMAC and PHENIX
using 5 % of reflections for calculation of Rfree. Data collection and
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Table 4.1. X-ray Crystallography and Data Collection and
Refinement Statistics
PDB code
Beamline
Wavelength (Å)
Resolution range (Å)
Space group
Unit cell dimensions
a, b, c (Å)
, ,  (◦)
Unique reflections
Multiplicity
Completeness (%)
Mean I/(I)
Wilson B-factor
Rsym†
Rwork§
Rfree

§

Number of total atoms
protein
heme
solvent
Total protein residues
RMS (bonds, Å)
RMS (angles, ◦)
Ramachandran favored (%)††
Rotamer outliers (%)††
Average B-factor
macromolecules
heme
solvent

6DUJ
SSRL SMB 9-2
1.07
33.32-1.82
(1.89-1.82)*
C 2 2 21
62.4, 184.4, 35.7
90, 90, 90
18770 (1878)*
6.5 (5.3)*
98.7 (99)*
24.5 (6.1)*
21.98
0.07 (0.27)*
Refinement
0.184 (0.292)*
0.235 (0.317)*
1787
1610
86
91

210
0.02
1.62
98
0
32.34
33.00
13.90
38.80
*Data for highest resolution shell are given in brackets. †Rsym =∑hkl ∑i | Ii (hkl)- I
(hkl)|/ ∑hkl ∑i Ii (hkl) where Ii (hkl) is the ith observation of the intensity of the
reflection hkl. §Rwork =∑hkl || Fobs|-|Fcalc||/ ∑hkl |Fobs|, where Fobs and Fcalc are the
observed and calculated structure-factor amplitudes for each reflection hkl. Rfree
was calculated with 5% of the diffraction data that were selected randomly and
excluded from refinement. ††Calculated using MolProbity.49

refinement statistics of the final model are summarized in Table 4.1.
Guaiacol Assay of Peroxidase Activity. Peroxidase activity was measured with the
colorimetric reagent, guaiacol, using previously reported conditions and procedures.40, 45
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The reaction was monitored at 25 °C using an Applied Photophysics SX20 stopped-flow
apparatus. The formation of tetraguaiacol from guaiacol and H2O2 in the presence of Cytc
was monitored at 470 nm. 4× Cytc (4 μM) in 50 mM buffer, 0.1 M NaCl was mixed in a
1:1 ratio with 4× guaiacol in 50 mM buffer, 0.1 M NaCl to produce a 2× Cytc 2×
guaiacol stock in 50 mM buffer, 0.1 M NaCl. This solution was mixed 1:1 with 2× H2O2
(100 mM) in 50 mM buffer with the stopped-flow instrument yielding a final solution
containing 1 μM Cytc, 50 mM H2O2 and guaiacol at the desired concentration in 50 mM
buffer, 0.1 M NaCl. Concentration was determined using the extinction coefficients of
H2O2 (ε240 = 41.5 M-1 cm-1; average of published values50-51) and guaiacol (ε274 = 2,150
M-1 cm -1).52 Buffers used for peroxidase experiments were the same as those used in pHJump experiments. Final concentrations of guaiacol after mixing were 0, 2, 4, 6, 8, 10,
15, 20, 25, 30, 40, 50, 60, 80, and 100 μM.
The segment of the A470 versus time data with the greatest slope following the initial
lag phase was used to obtain initial velocity, v, at each guaiacol concentration. The data
were fit to a linear equation and the slope from five repeats was averaged. The slope
(dA470/dt) was divided by the extinction coefficient of tetraguaiacol at 470 nm (ε470 =
26.6 mM-1cm-1)53 and multiplied by 4 (4 guaiacol consumed per tetraguaiacol produced)
to give the initial rate of guaiacol consumption, v. The initial rate, v, was divided by Cytc
concentration, plotted against guaiacol concentration and fit (SigmaPlot v. 13) to the
Michaelis-Menten equation, eq 4.3, to obtain Km and kcat values.
𝑣
𝑘cat ∙ [Guaiacol]
=
[Cyt𝑐]
𝐾m + [Guaiacol]

RESULTS
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(4.3)

Structure of A51V Hu Cytc. A51V Hu Cytc crystallized in acetate buffer at pH 5.8. The
crystals diffracted to 1.82 Å in the C2221 space group with two Cytc molecules in the
asymmetric unit. The overall fold of A51V Cytc (PDB entry 6DUJ: Rwork and Rfree values
of 0.18 and 0.24, respectively) is similar to that of WT Hu Cytc (PDB entry 3ZCF) with
an overall root-mean-square-deviation (RMSD) of 0.262 Å (using molecule A of each
structure) between the two X-ray structures (Figure 4.1). The RMSD between the two
molecules in the asymmetric unit

Figure 4.1. Overlay of the A51V (PDB ID: 6DUJ, chain A, dark gray) and WT (PBD ID:
3ZCF, chain A, light gray) Hu Cytc structures. -loop C (residues 40 – 57) is shown in
wheat (WT) and light purple (A51V). -loop D (residues 70 – 85) is shown in light pink
(A51V) and salmon (WT). Stick models are used for the heme and selected side chains.
Buried water molecules are shown as red spheres. Hydrogen bonds are shown as yellow
dashed lines.

of the A51V Hu Cytc structure is slightly higher (0.302 Å). The X-ray structures of the
other THC4 variants of Hu Cytc, G41S22 and Y48H,20 are also very similar to the WT Xray structure.
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There are small, localized structural changes. In particular, the larger steric size of
valine versus alanine pushes the main chain of -loop D away from -loop C. The
largest main chain shift is at Gly77 (Figure 4.1). This shift propagates across the loop to
Ile81. There is also a change in the ring pucker of Pro76. However, the hydrogen bond
(H-bond) network that couples Met80 to two buried waters and heme propionates 6 and 7
(HP6 and HP7) through the side chains of Tyr67, Thr78, Trp59, Asn52, Thr49, Tyr48
and Arg38 is largely unchanged in the A51V variant relative to WT (Figure 4.1). The
slight shift of the main chain of -loop D around Gly77 does allow invasion of water
between -loops C and D (Figure 4.2). For the A51V structure, the carbonyl oxygen of
Val51 is linked with the carbonyl oxygen of Pro76 through a network of three water
molecules that are not observed for the WT structure (Figure 4.2). The same is observed
for the other molecule in the asymmetric unit of the A51V variant (Figure S4.1).

Figure 4.2. Hydrogen bond network (yellow dashed lines) across -loop D in (a) A51V
(Chain A) and (b) WT (Chain A) Hu Cytc. Coloring of -loops C and D is as in Fig. 4.1.
-loop D is shown with stick models. Waters are shown as red spheres.
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A closer examination of -loop D shows that the cross-loop network of direct and
water mediated H-bonds is much more sparse for the A51V variant versus WT Hu Cytc
(Figure 4.2). Both WT and A51V Hu Cytc share main chain to main chain L68 to I85 and
I75 to T78 H-bonds. Both also have a water mediated cross-loop H-bond network
involving Asn 70, Lys72 and the carbonyl of Phe82. Water-mediated H-bonds are also
largely retained on the periphery of the loop. However, the extensive network of water
mediated H-bonds connecting the side chain of Lys72, and the main chain atoms of
Phe82, Met80, Thr78 and Gly77 observed with the WT protein is missing in the A51V
variant. The cross-loop H-bond network is even more sparse for the other molecule of
A51V Hu Cytc in the asymmetric unit (Figure S4.1, chain C)
This observation suggests that -loop D may be more dynamic for the A51V variant
than for WT Hu Cytc. Crystallographic B-factors can provide a qualitative estimate of
differential dynamics for variants of the same protein. Based on the difference in
resolution alone (WT, 1.65 Å; A51V, 1.82 Å) a 20% increase in the crystallographic Bfactors would be expected for the A51V variant.54 For WT Hu Cytc, the average
backbone B-factor is 18.4 ± 3.1 Å2 compared to 27.6 ± 5.5 Å2 for the A51V variant, a
50% increase. The largest increase in B-factors occurs in the C-terminal half of the
protein following the site of the A51V substitution, with consistently higher B-factors in
-loop D (Figure S4.2). The large standard deviation on the B-factors in this region may
reflect differences in intermolecular contacts between the two molecules in the
asymmetric unit. Thus, the upper limit of the error bars in Figure S4.2 may be more
reflective of the differences in dynamics in -loop D for WT versus A51V Hu Cytc.
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Our previous structural study of a K72A variant of yeast iso-1-Cytc (PDB entry
4MU8) shows that Arg38 can act as a gate that mediates access to a buried water channel.
A similar effect has been also observed in the structure of G41S Hu Cytc (PDB entry
3NWV).22 The movement of Arg38 away from the heme allows access of water (and
possibly H2O2) to the heme. Both proteins exhibit enhanced peroxidase activity.
However, the Arg38 side chain in the A51V structure is in the same position as in the WT
structure (i.e., no heme access) and that of the Y48H variant of Hu Cytc.20
Global Stability of A51V Hu Cytc. Global unfolding thermodynamics of A51V Hu
Cytc was monitored by CD at 25 °C and pH 7.5 with the use of GdnHCl as denaturant.
Figure 3 shows a plot of θ222corr versus GdnHCl concentration for the A51V variant
Table 4.2. Thermodynamic Parameters for Global Unfolding of Hu
Cytc Variants
Variant

ΔGuo'(H2O), kcal mol-1 m, kcal mol-1 M-1

Cm, M

A51Va

8.2 ± 0.2

3.0 ± 0.1

2.7 ± 0.2

WTb

9.46 ± 0.11

3.71 ± 0.05

2.55 ± 0.01

G41Sc

6.75 ± 0.10

3.0 ± 0.1

2.25 ± 0.05

Y48Hc

5.09 ± 0.16

2.57 ± 0.1

1.98 ± 0.05

a

Data obtained at 25 oC in 20 mM Tris, pH 7.5, 40 mM NaCl. bParameters
are from ref 45 for data obtained under the same conditions as the A51V
variant. cParameters are from ref 20 for data obtained at 15 oC in 20 mM
potassium phosphate pH 6.5, 50 mM KF.
compared to WT Hu Cytc. Thermodynamic parameters from fits to a two-state model are
given in Table 2. ΔGu°'(H2O) of A51V is lower than WT by ~1.3 kcal mol-1. However,
ΔGu°'(H2O) of A51V is significantly higher than for the other two naturally occurring
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variants linked to THC4, G41S and Y48H, by ~1.4 kcal mol-1 and ~3.1 kcal mol-1,
respectively (the data for the G41S and Y48H variants were

Figure 4.3. GdnHCl denaturation of A51V and WT Hu Cytc at 25 oC and pH 7.5.
Corrected ellipticity at 222 nm, θ222corr is plotted versus GdnHCl concentration. Solid
curves are fits to a two-state model. Data shown with open circles were not used in the
fits to the two-state model. Parameters obtained from the fits are given in Table 4.1. The
data for WT Hu Cytc are from ref. 29 as reanalyzed in ref 45.
acquired at 15 oC versus 25 oC for the WT and A51V variants, so, these comparisons
underestimate the decrease in stability for these variants).20 Within error, the midpoint
GdnHCl concentration for unfolding, Cm, is unchanged for the A51V variant relative to
WT Hu Cytc. Comparing Cm of A51V to G41S and Y48H, it is increased by ~0.4 M and
~0.7 M, respectively.
In Figure 4.3, the unfolding transition appears to be broader for the A51V variant than
for WT Hu Cytc. Consistent with this observation, fits of the A51V data to a two-state
model yield a decrease of about 0.7 kcal mol-1 M-1 for the GdnHCl m-value compared to
WT Hu Cytc (Table 4.2). The m-values of the A51V and G41S variants are the same and
about 0.4 kcal mol-1 M-1 larger than that of the Y48H variant. Thus, a common feature of
the variants linked to THC4 is a loss in the cooperativity of the folding of Hu Cytc.
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Local Stability Assessed by the Alkaline Conformational Transition. Cytc undergoes
a conformational change at moderately alkaline pH.55-56 The alkaline transition correlates
well with the local stability of -loop D.33, 57 The stability of Cytc with respect to the
alkaline conformational transition and the accessibility of states which promote
peroxidase activity often correlate well.18, 40 Thus, the local unfolding thermodynamics
for the alkaline conformational transition of A51V Hu Cytc was determined by pH
titration, monitored at 695 nm to follow the loss of Met80-heme iron ligation8 when a
lysine (Lys72, Lys73, or Lys79) from Ω-loop D binds to the heme. Comparison of data
for the A51V variant to previously published data for WT Hu Cytc (Figure 4.4) show that
the alkaline transition is shifted to significantly lower pH. The fits of the data for A51V
to eq 4.1 (Experimental Methods) show that the number of protons, n, linked to the
conformational change is approximately equal to 1 (Table 4.3), consistent with a one
proton process as normally observed for the alkaline transition of Cytc.55-56 The A51V
substitution causes a decrease in the midpoint pH, pH1/2, of the alkaline transition of
about 1 unit relative to WT Hu Cytc. Within error, the pH1/2 of the A51V variant is the
same as those of the G41S and Y48H variants (Table 4.4).
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Figure 4.4. Plots of 695corr versus pH for the alkaline transition of the A51V variant
versus WT Hu Cytc.29 Data were collected at room temperature (22 ± 2 °C) in 0.1 M
NaCl solution. Solid lines are fits to eq 4.1 in Experimental Methods.
Table 4.3. Thermodynamic Parameters for the Alkaline
Transition of WT and A51V Hu Cytc
Variant

pH1/2

n

A51Va

8.56 ± 0.04

0.9 ± 0.1

WTb

9.54 ± 0.03

1.03 ± 0.02

G41Sc

8.5 ± 0.2

-

Y48Hc

8.4 ± 0.1

-

a

Data were collected at 22 ± 2 oC in 0.1 M NaCl. bParameters are from
ref. 29 and were collected at 22 ± 2 oC in 0.1 M NaCl. cParameters are
from ref 20 for data collected at room temperature in the 20 mM
sodium phosphate. Data were fit assuming a one proton process.

Kinetics of the Alkaline Conformational Transition of A51V Hu Cytc. In order to
determine the actual rates of interconversion between the native and alkaline
conformations, stopped-flow pH jump methods were employed. Both upward and
downward pH jumps were monitored at 398 nm to follow heme-ligand changes linked to
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rearrangement of Ω-loop D. Because there are three lysines, Lys72, Lys73, and Lys79,
present in Ω-loop D, as many as three kinetic phases are possible. In upward pH jump
experiments, the A51V variant shows two slow phases from pH 7.5 to 10 (kobs,1, A1u) or
10.5 (kobs,2, A2u) and a fast phase (kobs,3, A3) from pH 8.5 to 11 (Figures S4.3, 4.5 and 4.6).
Previous studies on the G41S and Y48H variants linked to THC4 also observed deviation
from single-exponential behavior for the slow phase.58 However, the deviation was
considered small so the slow phase was fit as a single first-order kinetic process. The
study of the G41S and Y48H variants did not acquire downward pH jump data. We
observe two slow phases in downward pH jump data, as well. Therefore, we have elected
to fit the entire data set assuming the presence of two slow phases.
The rate constant for one of the two slow phases, kobs,1 remains relatively constant
below pH 8.25, with values near 0.04 s-1 (Table S4.2). Above pH 8.25, kobs,1 increases to
~0.35 s-1 as pH approaches 10 (Table S4.2 and Figure 4.5). The amplitude for this phase
A1u increases from around 0.007 at pH 7.5 to 0.057 at pH 8.75, and then begins to
decrease above pH 8.75 (Table S4.2 and Figure 4.6) as the other slow phase (kobs,2, A2u)
becomes the dominant phase.
The rate constant for the other slow phase, kobs,2, also is relatively constant below pH
8.25, with values near 0.09 s-1 (Table S4.2 and Figure 4.5). Above pH 8.25, kobs,2
increases to 3.6 s-1 as pH approaches 10.5. The amplitude for this phase, A2u, increases
from around 0.005 at pH 7.5 to 0.09 at pH 9.5, and then decreases above pH 9.5 (Table
S4.2 and Figure 4.6).
At pH 8.5 and above a fast phase (kobs,3, A3, Table S4.2) grows in. The rate constant
for this fast phase, kobs,3, cannot be obtained with high precision between pH 8.5 and 9.5.
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Values near 23 s-1 begin increasing above pH 8.5, approach 50 s-1 at pH 9.5, and remain
around 30 s-1 above pH 10. The amplitude for the fast phase, A3u, is small initially, but
grows rapidly between pH 9.25 to 10.75, becoming the dominant phase as the two slow
phases disappear above pH 10 (kobs,1, A1u) and pH 10.5 (kobs,2, A2u).
To obtain accurate rate constants in the lower pH regime, downward pH jump
experiments were carried out beginning at pH 10.5 and jumping to pH 7-8 (Figure 4.5,
Table S4.3). Downward pH jump data were fit to a triple exponential equation (Figure
S4.4). The observed rate constants for the two slow phases in the downward pH jumps
correspond well to kobs,1 and kobs,2, observed
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Figure 4.5. Rates constants for the alkaline transition of the A51V variant of Hu Cytc at
25 oC in 0.1 NaCl. Plots of (a) kobs,1, (b) kobs,2, and (c) kobs,3 versus pH from upward (filled
symbols) and downward (open symbols) pH jump experiments. Solid lines are fits of the
combined upward and downward kobs versus pH data to eq 4.4 in the Discussion.
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Figure 4.6. Plots of amplitude versus pH for the three kinetic phases observed for the
alkaline conformational transition of A51V Hu Cytc. Color scheme is the same as for
Figure 5. Filled symbols are used for upward pH jumps (A1u, A2u and A3u). Open symbols
are used for downward pH jumps from pH 10.5 (A1d, A2d and A3d). Data points are the
average and standard deviation of a minimum of five trials. A1u versus pH and A2u versus
pH data were fit to eq 4.5 in the Discussion (solid lines). In these fits, kb and kf in eq 4.5
were set equal to the values determined from the fits of kobs versus pH to eq 4.4 in Figure
4.5. Data points connected with dashed lines were not included in these fits. A3u versus
pH data were fit to Henderson-Hasselbalch equation (solid line).

in upward pH jumps (Figures 4.5A and 4.5B). The observed rate constants for the fast
phase in the downward pH jumps corresponds well to kobs,3 (Figure 4.5C).
Acid Unfolding of A51V and WT Hu Cytc. The pH of intermembrane space of
mitochondria is more acidic (pH = 6.88 ± 0.08) than the matrix (7.8 ± 0.2) or the cytosol
(7.59 ± 0.01).59 Thus, it is important to determine the stability of A51V Hu Cytc with
respect to pH to evaluate the accessibility of alternate conformers with the high spin
heme believed to be necessary for peroxidase activity. The unfolding thermodynamics for
the acid unfolding of A51V
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Figure 4.7. Plots of 695corr and 622corr versus pH for acid unfolding of WT and A51V
Cytc. Data were acquired at 22 ± 2 oC in the presence of 100 mM NaCl. The solid curves
are fits to Henderson-Hasselbalch equation. Data for the WT protein are from ref. 60.

Hu Cytc was determined by pH titration. Figure 7 shows plots of the corrected extinction
coefficients at 695 nm (Met80 ligation), 695corr, and 622 nm (high spin heme), 622corr,
versus pH for the acid unfolding of A51V compared to previously reported data for WT
Hu Cytc.60 The plots show that the A51V variant is significantly less stable to acid
unfolding than WT Hu Cytc. For both proteins, the data monitored at 622 nm yield a
broader transition than the data at 695 nm.
Fits of the data to the Henderson-Hasselbalch equation show that the midpoint pH,
pH1/2, for acid unfolding shifts ~0.7 unit to higher pH for the A51V variant relative to
WT Hu Cytc (Table 4.4). A modest decrease in pH1/2 (although within error for the A51V
variant) is also observed for data monitored at 622 nm relative to 695 nm (Table 4.4). The
number of protons, n, linked to acid unfolding for data monitored at 622 nm versus 695
nm also decreases (Table 4.4). Consistent with this observation, an isosbestic point near
647 nm is lost at pH values at or just below pH1/2 for acid unfolding for both proteins
(Figure S4.5). Data were also fit to eq 4.2 in Experimental Methods to provide an
equilibrium constant for the acid to native state transition (pKC(A/N), Table 4.4).
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Table 4.4. Thermodynamic Parameters for the Acidic Transition of WT and A51V Hu
Cytc at 22 ± 2 oC
695 nm

622 nm

Variant

pH1/2

pKC(A/N)a

n

pH1/2

pKC(A/N)a

n

A51V

3.19 ± 0.09

-1.4 ± 0.3

1.8 ± 0.4

3.13 ± 0.06

-1.1 ± 0.2

1.3 ± 0.1

WTb

2.50 ± 0.03

-2.50 ± 0.07

1.64 ± 0.07

2.41 ± 0.03

-1.73 ± 0.06

1.13 ± 0.08

a

Assumes the pKa of the ionizable group(s) is 4. bParameters are taken from ref 60.

Peroxidase Activity of A51V Hu Cytc. The peroxidase activity of A51V Hu Cytc was
measured by monitoring the formation of tetraguaiacol from guaiacol in the presence of
H2O2. Michaelis-Menten plots with respect to guaiacol concentration were generated to
permit extraction of kcat and Km across the pH range 5 to 8 (Figure 4.8a). The A51V
variant shows a significant increase in kcat relative to WT Hu Cytc (Figure 4.8b). The
increase in kcat for the A51V variant relative to WT Hu Cytc is more pronounced as pH
decreases. kcat increases ~7-fold at pH 6 versus ~14-fold at pH 5 for the A51V variant
versus WT Hu Cytc (Table 4.5). Relative to the WT protein, the Km values of A51V Cytc
are not strongly affected relative to WT Hu Cytc (Table 4.5).
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Figure. 4.8. Peroxidase activity of WT and A51V Hu Cytc. (a) Michaelis-Menten plots
for the A51V variant of Hu Cytc at pH values from 5 to 8. The solid curves are fits to eq
4.2 (Experimental Methods). Data were acquired at 25 °C in 50 mM buffer. (b) kcat versus
pH for WT (dark green bars) and A51V (red bars) Hu Cytc. Error bars are the standard
deviation from three independent experiments.
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Table 4.5. Michaelis-Menten Parameters as a Function of pH
at 25 oC for the Peroxidase Activity of WT and A51V Hu Cytc
pH

kcat, s-1

Km, M
WTa

A51I

WTa

A51V

5.0

32 ± 2

22 ± 3

0.11 ±0.03

1.6 ± 0.1

6.0

14 ± 2

10 ± 2

0.108 ± 0.007 0.798 ± 0.006

7.0

5.7 ± 0.3

11 ± 2

0.112 ± 0.002 0.689 ± 0.005

8.0

11 ± 2

10 ± 1

0.06 ± 0.01

a

0.44 ± 0.01

Parameters from references 45, 60

DISCUSSION
Effect of the A51V Substitution on the Global and Local Stability and Structure of
Hu Cytc. Consistent with previous work performed on two other naturally occurring
variants, G41S and Y48H,20 the A51V variant of Hu Cytc shows both decreased global
stability and decreased stability of the native state relative to subglobal unfolding of Ωloop D to form the alkaline state (Tables 4.2 and 4.3). The A51V substitution leads to a
decrease in the pH1/2 of the alkaline transition of about 1 unit, similar to the other THC4linked variants of Hu Cytc. With regard to global stability, the A51V variant is less
affected than the other two disease-causing variants. Our results underscore the poor
correlation between local and global stability noted previously for THC-linked variants of
Hu Cytc.20 This observation may result from the incomplete coupling between the
stabilities of -loops C and D that has been noted in studies on horse Cytc.61
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Previous studies showed a significant loss in the cooperativity of unfolding for
THC4-linked Hu Cytc variants as measured by the magnitude of the denaturant m-value.
Both the A51V and G41S substitutions cause a 20% decrease in the GdnHCl m-value
whereas the Y48H variant causes a 30% decrease in the GdnHCl m-value relative to WT
Hu Cytc (Table 4.2). Because GdnHCl unfolding monitored by circular dichroism at 222
nm (-helix) is not strongly sensitive to unfolding of -loops, the smaller m-values could
reflect partial unfolding of -loop C (and possibly -loop D) prior to global unfolding
(loss of helical structure). This type of behavior has been observed for histidine variants
(K73H and K79H) in -loop D of yeast iso-1-Cytc.30, 39, 62-65 Loss of structure in -loop
C prior to the major unfolding transition monitored by CD would indicate destabilization
of this substructure by the A51V, G41S and Y48H substitutions. We note that decreased
m-values can also reflect a more compact denatured state.66
The loss of ordered water structure around -loop D of the A51V variant (Figure 4.2)
and the overall increase in the magnitude of crystallographic B-factors for the A51V
variant are (Figure S4.2) consistent with destabilization of -loops C and D. H/D
exchange experiments on the G41S and Y48H variants also support this interpretation.1920

Effect of the A51V Substitution on the Slow Phases of the Alkaline Transition. The
kinetic data for the alkaline transition of A51V Cytc follows the standard mechanism, a
rapid deprotonation equilibrium (KH or pKH), which triggers a conformational
rearrangement in which a lysine replaces the Met80 heme ligand. For this mechanism,67
the observed rate constant, kobs, increases with pH and then levels off (Figure 4.5, eq 4.4).
𝑘obs = 𝑘b + 𝑘f (

1
) (4.4)
1 + 10p𝐾H −pH
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The forward rate constant, kf, corresponds to opening of Ω-loop D as the Met80 heme
ligand is lost, and the backward rate constant, kb, is for the return to the native conformer
from the alkaline state. Eq 4.5 describes the pH dependence of the amplitude for this
mechanism,67 where ΔAt is the total amplitude when the alkaline transition goes to
completion. The other parameters are as
1

∆A = ∆At (
1+

𝑘b
(1 + 10p𝐾H−pH )
𝑘f

) (4.5)

defined for eq 4.4. In good agreement with this kinetic model, both kobs,1 and kobs,2
increase as pH increases. Parameters for the fits of the kobs,1 and kobs,2 versus pH to eq 4.4
(Figure 4.5) are given in Table 4.6. pKH can also be evaluated with eq 4.5 from the plots
of A1u and A2u versus pH in Figure 6 using the kf and kb values obtained from the fits to
eq 4.3 (Table 4.6). The pKH values obtained from rate constant and amplitude (values in
brackets in Table 4.6) data are within error the same for kobs,1, indicating that kf and kb
obtained from rate constant data are reliable. The values of kf, kb and pKH from kinetic
data can also be used to calculate the pH1/2, pH1/2calc. For kobs,1, pH1/2calc is within error the
same as the pH1/2 of 8.56 ± 0.04 obtained from equilibrium measurements.
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Table 4.6. Kinetic Parameters for the Alkaline Transition of A51V Hu Cytc at 25 oC
kf, s-1 a

kb, s-1 a

pKH a

pKC b

pH1/2calc

kobs,1

0.32 ± 0.03

0.0368 ± 0.008

9.3 ± 0.1
(9.5 ± 0.3)d

-0.9 ± 0.1

8.4 ± 0.2
(8.6 ± 0.3)e

kobs,2

6.2 ± 0.3

0.11 ± 0.02

10.37 ± 0.04

-1.75 ± 0.08

8.61 ± 0.09

Variant Rate

c

constant
A51V

(9.1 ± 0.1)e
(10.9 ± 0.1)d
a
From fit of data in Fig. 4.5 to eq 4.3. Errors are the standard errors in the parameters from the
fit to eq 4.3. bpKC = LogKC, where KC = kf/kb, and KC is the conformational equilibrium
constant after the triggering deprotonation. Error is from standard propagation of the errors in
kf and kb. cpH1/2calc = pKH – pKC. dFrom fit of amplitude data in Fig. 6 to eq 4.4 using kf and kb
in this table. fCalculated using pKH from amplitude data.

For kobs,2, kf, kb and pKH obtained from rate constant versus pH data yield pH1/2calc
that is also similar to the pH1/2 from equilibrium data (Table 4.6). However, the pKH
obtained from amplitude versus pH data is considerably higher (as is the pH1/2calc, Table
4.6), suggesting that the parameters obtained from either the rate constant or amplitude
data may be less reliable for the kobs,2, A2 slow phase. Constraining kf in the fits of kobs,2
versus pH to the range of 10 – 12 s-1 returns values of kb (0.16 – 0.17 s-1) that are
consistent with kb obtained in downward pH jump experiments (Table S4.3) and yields
values of pKH from 10.7 – 10.8. Values of pKH obtained from the amplitude data with
these values of kf and kb remain near 10.9. While there may be some uncertainty in the
value of pKH for kobs,2, its value is 1 – 1.5 units higher than pKH for kobs,1 allowing the
alkaline conformer corresponding to the kobs,1 phase to populate at lower pH despite a less
favorable conformational equilibrium (by a factor of ~7, see pKC in Table 4.6).
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Recent work compared the alkaline transition kinetics of WT Hu Cytc and V83G and
I81A variants in -loop D to the naturally occurring Y48H and G41S variants in -loop
C.58 The value of pKH was observed to decrease by about 1 unit for the -loop C variants
relative to WT Hu Cytc and the -loop D variants. For WT and all variants, pKC was
unaffected with a value near -2.58 The absolute values of the kinetic parameters reported
here cannot be compared directly because our data were fit to two slow phases rather than
a single slow phase. We also have recently reported kinetic data for the V83G and I81A
variants of Hu Cytc, which we fit assuming two slow phases.60 Values of pKH for both
the kobs,1 and kobs,2 phases were within the range of 10.7 – 11.2 for kinetic data fit with
two slow phases for these variants.60 As for the G41S and Y48H variants, the increased
access to alternate conformers for the A51V variant appears to result from a decrease in
the pKH of the triggering deprotonation. For the A51V variant, the decrease in pKH
appears to operate only on the alkaline state corresponding to kobs,1 (Table 4.6) suggesting
that the triggering deprotonation controlling the dynamics of different parts of -loop D
is not the same.
The I81A variant of Hu Cytc also shows enhanced kinetic accessibility of only one of
the two kinetically distinguishable alkaline conformers in 0.1 M NaCl.60 In this case, pKH
is unchanged whereas pKC is more favorable. This result also indicates that the dynamics
of -loop D are bipartite. However, in the case of the -loop D variant it is the stability
of one part of -loop D that is preferentially affected by the mutation.
Effect of the A51V Substitution on the Fast Phase of the Alkaline Transition. Of
equal interest, is the observation that the fast phase reported for mammalian Cytc near pH
10 and above45, 58, 60, 68-70 appears near pH 8.5 for A51V Hu Cytc. This phase is often
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attributed to a transient process involving weakening of the heme-Met80 bond or
displacement of Met80 by hydroxide.69-70 EPR data for the transient formed by the Y48H
variant at pH 11 show that it is a high spin species and thus relevant for peroxidase
activity.58 The A51V variant appears to affect the fast phase differently than the G41S
and Y48H variants. For the A51V variant, kobs,3 decreases from pH 9 to 10.5 (Figure 4.5),
consistent with deprotonation occurring after formation of the fast phase species as given
by eq 4.6,58, 67-68 where kobs decreases to the magnitude of kf for
𝑘obs = 𝑘f + 𝑘b (

1
) (4.6)
1 + 10pH−p𝐾H

pH > pKH. This behavior also is observed for the WT protein.58, 67-68 For both the G41S
and Y48H variants, kobs,3 increases with pH consistent with deprotonation preceding
formation of the fast phase species (eq 4.5).58 In this regard, A51V variant is less
perturbative than the G41S and Y48H variants relative to WT Hu Cytc. For A51V Hu
Cytc, kobs,3 increases below pH 10 (pH 11 for WT) consistent with the pKH for the
ionization of the group controlling formation of the transient species being less than 10.
In the study on the G41S and Y48H variants,58 it was suggested that the
conformational change for the transient involves loss of Met80 binding to the heme
leading to a decrease in the pKa for deprotonation of the pyrrole-NH of His18 to near 9
causing release of a proton after the conformational change. This proposal is consistent
with our data in Figure 4.5C. In the case of the Y48H and G41S variants, it was proposed
that the greater dynamics of -loop C provides direct access of bulk water to the pyrroleNH of His18 requiring direct deprotonation of this group with a pKa near 11.58, 71 The
higher global stability of the A51V variant compared to the G41S and Y48H variants,
would likely decrease the dynamics of -loop C for the A51V variant relative to the
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G41S and Y48H variants preserving the mechanism for the fast phase observed for WT
Hu Cytc.
For the A51V variant, the transient phase is also observed in downward pH jump
experiments indicating that there is a measureable equilibrium population of a species
that is normally a kinetic transient. Our data from downward pH jumps experiments
indicate that kb is 15 – 20 s-1 (Figure 4.5, Table S4.3). Based on eq 6, kf is near 25 s-1
(kobs,3 near pH 10.5, Figure 4.5C, Table S4.2), yielding KC ~ 1.5 for formation of the
transient species. For the Y48H and G41S variants, kf for formation of the transient high
spin species is ~150 s-1 and kb is ~20 s-1, yielding KC ~ 7.5 for these variants.58 For WT, kf
~ 20 s-1 and kb > 100 s-1 indicating that KC is < 0.2.58 Thus, the stability of the high spin
transient follows the order WT < A51V < G41S ≈ Y48H. Given that pKC is near -2 (KC
near 100) for the Lys-heme alkaline conformers, equilibrium populations of the high-spin
transient will be near 1% for the A51V variant and near 7% for the G41S and Y48H
variants compared to <<1% for WT Hu Cytc at high pH. The amplitude, A3, of the fast
phase as a function of pH for A51V Hu Cytc (Figure 4.6) yields a midpoint pH, pH1/2, of
10.23 ± 0.03 when fit to the Henderson-Hasselbalch equation. For WT Hu Cytc, pH1/2 is
~11 for population of the transient.58 Thus, the transient species populates more
effectively and is available at lower pH for the -loop C variants. Given that the fast
phase corresponds to heme with an available coordination site,69 the greater availability
of this species might also enhance the peroxidase activity of the THC4-linked variants, as
proposed previously.58
Effect of the A51V Substitution on Acid Unfolding of Hu Cytc. The acid unfolding of
Cytc is a complex, multiproton process38, 72-74 typically involving 2 – 3 protons.8, 64
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However, cooperativity of acid unfolding is readily altered by amino acid substitutions.35,
39-40, 75

We have shown that a G83V substitution in iso-1-Cytc leads to biphasic acid

unfolding which appears to be linked to increased peroxidase activity at mildly acidic pH
relative to WT iso-1-Cytc.40 For G83V iso-1-Cytc, the loss in cooperativity of acid
unfolding appears to weaken the heme-Met80 bond at mildly acidic pH. Acid unfolding
of WT and A51V Hu Cytc exhibit monophasic behavior (Figure 4.7). The pH1/2 of the
A51V variant is ~0.7 units higher than that of WT Hu Cytc. The decrease in stability of
the native state toward acid unfolding to a high spin state (622 nm data) for the A51V
variant relative to WT Hu Cytc is 1.8 ± 0.3 kcal/ mol (G°'A51V/WT =
2.3RT[(pKC(A/N)(WT) - pKC(A/N)(A51V)] = 1.8 ± 0.3 kcal/mol).
Given that the pH of intermembrane space of mitochondria is more acidic than the
matrix or the cytosol,59 and that cytosolic pH decreases to 5.8 during apoptosis.76 the
greater accessibility of the high spin conformer in the acid unfolded state of A51V variant
may enhance access to conformers competent for peroxidase activity at biologically
relevant pH values. The effect of pH on kcat for peroxidase activity for A51V versus WT
Hu Cytc supports this contention (Figure 4.8). Recent work shows that horse Cytc bound
to CL vesicles populates conformers with the high spin heme necessary for peroxidase
activity as pH decreases below 7.77 Thus, the effect of the A51V substitution might be
more pronounced at acidic pH in the presence of CL-containing membranes. We note that
the broader transition observed at 622 versus 695 nm may indicate the presence of a low
spin His-heme intermediate during acid unfolding,78 which may somewhat lower access
to high spin conformers below pH 7.
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Effect of the A51V Substitution to Hu Cytc on Apoptotic Peroxidase Activity.
Previous studies on the peroxidase activity of the THC4-linked variants of Hu Cytc,
G41S and Y48H, show that they induce 3- and 7-fold increases in peroxidase activity at
pH 6.5 with 2,2-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as substrate.20,
23, 58

These results are consistent with the magnitude of enhancement of peroxidase

activity that we observe at pH 6 and 7 for the A51V variant with guaiacol as substrate.
For the G41S variant,23 peroxidase activity was measured over a broad pH range.
Consistent with our results for the A51V variant (Figure 4.8, Table 4.5), a significant
increase in peroxidase activity relative to WT Hu Cytc was observed as pH decreased
from 7.5 to 5. Given the lower pH in the intermembrane space and in the cytosol during
apoptosis noted above, the stronger pH dependence of the peroxidase activity of the
G41S and A51V variants below pH 7 relative to WT Hu Cytc could enhance the ability
of these variants to induce apoptosis. Thus, studies on the naturally occurring -loop C
variants highlight the importance of this loop in modulating the peroxidase activity of
Cytc early in apoptosis.
The increase in peroxidase activity of A51V Hu Cytc relative to WT Hu Cytc is
lowest at pH 7 (~6-fold) and somewhat higher at both pH 6 and 8 (~7-fold, Table 4.5),
suggesting that different mechanisms might provide access to peroxidase competent
conformers above and below pH 7. Increased peroxidase activity is often linked to greater
accessibility of alkaline conformers,18-21, 40 although the correlation is not perfect.23, 58 All
three THC4-linked variants show a similar increase in the accessibility of the alkaline
state (pH1/2 decreases by 1 unit, Table 4.3), which appears to be linked to a decrease in
the pKH for the triggering ionization but ~1 unit (Table 4.6).58 Based on the X-ray
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structures of the G41S22-23 and Y48H58 variants, which both show disruptions to the
hydrogen bond network around heme propionate 7 (HP7), a role for HP7 in this
ionization was proposed.58 For the A51V variant, this network is less affected (Figure
4.1), but because of the increase in the backbone B-factors (Figure S4.2), the
environment of HP7 may be affected for the A51V variant, too. A number of studies
indicate that one of the heme propionates of mitochondrial Cytc has a pKa >9, while the
other has a pKa < 4.5.8, 79-80 Initially, the pKa < 4.5 was assigned to heme propionate 7
(HP7) because of the nearby positively-charged Arg38 (see Figure 4.1).8, 79 However,
mutagenesis studies on Arg38 of yeast iso-1-Cytc81 and the recent work on the G41S and
Y48H variants suggest that HP7 may be the propionate with the pKa > 9. Given the
interconnectedness of the buried hydrogen-bond network, it has been suggested that loss
of a proton occurs from the network rather than from a specific group. Regardless of the
exact source of the proton, the ionization corresponding to pKH appears to be more facile
in THC4-linked Hu Cytc variants.
Native-state H/D-exchange studies on horse Cytc,61 show that the stability of -loop
C decreases from a stability of ~4 kcal/mol at pH 7 to a stability of 2.5 – 3 kcal/mol at pH
5. The decrease in the stability of -loop C across this pH range has been linked to
protonation of either His26 or a heme propionate, 61 presumably HP6. H/D exchange
studies on the G41S and Y48H variants,19-20 indicate that this loop is destabilized. The
greater susceptibility of the A51V variant to acid unfolding (Fig. 4.7, Table 4.4) may also
be linked to destabilization of -loop C. The lower local stability of -loop C may lead
to functionally-significant population of peroxidase-competent conformers for the THC4-
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linked variants of Hu Cytc as pH drops from 7 to 5 and His26 or a heme propionate is
protonated.

CONCLUSION
Studies on A51V Hu Cytc, like the other THC4-linked variants of Hu Cytc, G41S and
Y48H, provide considerable insight into the mechanism by which Cytc accesses
peroxidase-competent conformers important in the early stages of apoptosis. All have
lower global and local stability than WT Hu Cytc. The A51V variant also is less stable to
acid unfolding. The kinetics of the alkaline conformational transition indicate that
enhanced access to the heme crevice needed for peroxidase activity results from a
decrease in the pKH of the trigger group for the alkaline conformational transition. The
decrease in pKH caused by these substitutions to -loop C may be due changes in the
environment of HP7 or more broadly to their effects on release of a proton from the
buried H-bond network of Hu Cytc. By contrast, substitutions in -loop D appear not to
affect the pKH of the triggering ionization and thus must destabilize -loop if enhanced
peroxidase activity is to result. For A51V, the pKH decreases for only one alkaline
conformer, suggesting that the dynamics of the loop are bipartite and have different
triggering ionizations. A similar bipartite effect on the stability of -loop D is observed
for -loop D variants.60 The enhancement of peroxidase activity below pH 7 appears to
result from destabilization of -loop C and may be linked to protonation of HP6 or
His26. The latter effect may be more important for biologically relevant peroxidase
activity given the pH of the intermembrane space.
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ASSOCIATED CONTENT:
Supporting Information
Figure S4.1 shows the hydrogen bond networks in -loop D for chain C of the A51V
Hu Cytc structure (PDB ID: 6DUJ). Figure S4.2 provides a plot of backbone B-factors
versus sequence position for the A51V (PDB ID: 6DUJ) and the WT (PDB ID: 3ZCF)
Hu Cytc structures. Figures S4.3 and S4.4 show typical pH jump stopped-flow data with
fits for A51V Hu Cytc. Figure S4.5 shows acid unfolding data as monitored by
absorbance spectroscopy for A51V and WT Hu Cytc. Table S4.1 provides the sequences
of oligonucleotides used for mutagenesis. Tables S4.2 and S4.3 provide rate constants
and amplitudes obtained from pH jump stopped-flow data for A51V Hu Cytc.
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Supporting Information
Supporting Figures

Figure S4.1. Hydrogen bond network across -loop D for chain C of the A51V (PDB
entry: 6DUJ) variant of Hu Cytc. -loops C and D are shown in light purple and light
pink, respectively. -loop D is shown with stick models. Waters are shown as red
spheres. Hydrogen bonds are shown in yellow.

179

Figure S4.2. Backbone B-factors for the structures of A51V (PDB entry: 6DUJ) and WT
(PDB entry: 3ZCF) Hu Cytc. The error bars are the standard deviation of the B-factors
for the 2 and 4 molecules in the asymmetric unit, respectively.
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Figure S4.3. Absorbance at 398 nm, A398, vs time stopped-flow data for pH jump
experiments for A51V Hu Cytc from pH 6 to ending pH values of 7.50-11.25. All data
were collected at 25 °C. To allow the data at different pH values to be overlaid
effectively, the observed A398 was adjusted at some pH values by a constant amount at
every time point.The solid curves from pH 7.50-8.25 are fits to a two-exponential
equation, from pH 8.50-10.00 are fits to a three-exponential equation, from pH 10.2510.50 are fits to a two-exponential equation, and from pH 10.75-11.25 are fits to a singleexponential. The bottom panel compares residuals for the fit to a two-exponential
equation (red) vs three-exponential equation (black) at pH 9.50.
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Figure S4.4. Representative fits of downward pH jump data (pH 10. 5 to 7.75) to a threeexponential equation (red solid line) versus a two-exponential (green solid line) equation
for A51V Hu Cytc (upper panel). The bottom panel shows the residuals for two- (green
dots) versus three- (red dots) exponential fits.
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Figure S4.5. Spectra as a function of pH for the acid unfolding of the A51V variant (top
panel) and WT (bottom panel) human cytochrome c. Spectra from 570 to 750 nm as a
function of pH show that well-defined isosbestic points near 588 nm and 647 nm persist
to near (A51V) or somewhat below (WT) the midpoint for acid unfolding (solid lines).
The absorbance at 750 nm has been subtracted from the absorbance at each wavelength in
each spectrum to correct for baseline drift during the titration.
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Supporting Tables
a

Mutation sites are shown in bold and underlined

Table S4.1: Oligonucleotide primers used for A51V site-directed mutagenesis.a
primer
Primer sequence 5’-3’
d(tacagctacacggcggtgaacaaaaacaaaggca)
A51V
d(tgcctttgtttttgttcaccgccgtgtagctgta)
A51V-r
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Table S4.2: Kinetic parameters for the alkaline transition of A51V Hu Cytc obtained
at 25 oC from upward pH jump data monitored at 398 nm.a
pH

A1

kobs,1 (s1)

A2

kobs,2 (s-1)

A3

kobs,3 (s-1)

7.50

0.0067
±
0.0009

0.038 ±
0.003

±
0.0006

±
0.01

-

-

7.75

0.0091
±
0.0005

0.041 ±
0.002

±
0.0003

±
0.001

-

-

8.00

0.0138
±
0.0003

0.042 ±
0.001

±
0.0002

±
0.003

-

-

8.25

0.018 ±
0.001

0.044 ±
0.001

0.0209 ±
0.0008

0.097 ±
0.005

-

-

8.50

0.053 ±
0.002

0.082 ±
0.002

0.012 ±
0.002

0.21 ±
0.02

0.0031 ±
0.0005

23 ± 6

8.75

0.057 ±
0.009

0.118 ±
0.008

0.031 ±
0.009

0.28 ±
0.05

0.0040 ±
0.0007

35 ± 12

9.00

0.052 ±
0.006

0.170 ±
0.009

0.048 ±
0.006

0.41 ±
0.04

0.008 ± 0.002

72 ± 35

9.25

0.024 ±
0.004

0.18 ±
0.02

0.081 ±
0.005

0.52 ±
0.02

0.0125 ±
0.0009

63 ± 22

9.50

0.014 ±
0.002

0.21 ±
0.02

0.091 ±
0.002

0.81 ±
0.02

0.022 ± 0.003

51 ±17

9.75

0.0101
±
0.0009

0.23 ±
0.03

0.0885 ±
0.0009

1.29 ±
0.02

0.032 ± 0.002

39 ± 3

10.00

0.007 ±
0.002

0.34 ±
0.09

0.078 ±
0.002

1.92 ±
0.09

0.049 ± 0.003

30 ± 3

10.25

0.050 ±
0.001

2.94 ±
0.06

0.0831 ±
0.0009

24.8 ± 0.7

10.50

0.016 ±
0.002

3.6 ± 0.5

0.118 ± 0.005

25 ± 1

10.75

0.140 ± 0.003

30.4 ± 0.7

11.00

0.1517 ±

41.4 ± 0.6
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0.0008
0.150 ± 0.002

11.25
a

38.6 ± 0.3

Parameters are the average and standard deviation from a minimum of 5 trials.

Table S4.3: Kinetic parameters for the alkaline transition of A51V Hu Cytc obtained
from downward pH jump data monitored at 398 nm.a
pH
A1
kobs,1 (s- A2
kobs,2 (s-1) A3
kobs,3 (s-1)
1)
0.0794
0.0430 ± ± ±
0.005 ± 0.002 16 ± 4
7.00
±
0.0003
0.0009
0.009
0.0008
0.067 ± 0.0441 ± 0.017 ±
0.14 ±
0.004 ± 0.002 23 ± 4
7.50
0.001
0.0007
0.001
0.01
7.75
8.00
a

0.077 ±
0.001
0.056 ±
0.002

0.0446 ±
0.0008
0.056 ±
0.002

0.014 ±
0.001
0.014 ±
0.002

0.17 ±
0.02
0.19 ±
0.03

0.004 ± 0.001

9±4

0.004 ± 0.002

11 ± 5

Parameters are the average and standard deviation from a minimum of 5 trials.
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CHAPTER 5: Alkaline conformer of human dimeric cytochrome c
Haotian Lei and Bruce Bowler
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INTRODUCTION
Cytochrome c (Cytc) is a globular heme containing protein. Cytc in its native state
with Met80 bound to the heme is an efficient electron carrier, shuttling electrons from
cytochrome bc1 complex to cytochrome c oxidase in oxidative phosphorylation.1 It also
serves as an important mediator of intrinsic pathway of apoptosis.2 Normally, Cytc
resides within the mitochondrial intermembrane space anchored by the mitochondrial
lipid cardiolipin (CL), where Cytc plays its role in oxidative phosphorylation. Upon
apoptotic stimuli, Cytc is converted from an electron carrier to a peroxidase, enabling
Cytc to oxidize CL. The affinity between oxidized CL and Cytc is drastically reduced,
facilitating release of Cytc into the cytosol, where it binds to Apaf-1 to form the
apoptosome.3 It is believed that oxidation of CL by Cytc is an early signal in the intrinsic
pathway of apoptosis.4 To allow Cytc to perform peroxidase activity, Met80 must
dissociate from the heme to create an open heme coordination site.5
There is intense debate about mechanism of Cytc/CL interaction and several
models have been proposed to elucidate it. More specifically, models can be divided into
two broad categories: either monomeric or dimeric Cytc conformers mediate peroxidase
activity. Spectroscopic studies that employ time-resolved fluorescence resonance energy
transfer (FRET) on monomeric Cytc labeled with dansyl, allowing estimation of the
degree of protein unfolding suggest that there is a heterogeneous ensemble of CL-bound
Cytc.6 Spectroscopic studies using circular dichroism and Trp59 fluorescence to monitor
Cytc binding to CL liposomes demonstrate an extended conformer at high lipid to protein
ratio.7,8,9 A recent solid-state NMR study of monomeric equine Cytc shows that Cytc
remains folded while interacting with CL, but is dynamically perturbed.10 A solution
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NMR study of monomeric equine Cytc in the presence of reverse micelles also shows
that Cytc remains folded.11 Regarding dimeric models of the interaction, a structural
study of yeast iso-1-Cytc shows that detergents that serve as structural mimics of CL can
spur the dimerization of monomeric iso-1-Cytc during crystallization, leading to Met80
dissociation and a heme configuration with an available coordination site.12 Structural
studies of dimeric equine Cytc also show that the axial Met80 ligand dissociates from the
heme, creating an open heme coordination site that allows external ligands to bind to the
heme.13,14 Not surprisingly, dimeric equine Cytc exhibits an enhanced peroxidase activity
relative to monomeric equine Cytc.15 The structures of equine and yeast iso-1 Cytc
dimers are similar. The noticeable difference is the hinge loop length as the equine dimer
possesses a shorter hinge loop. One argument against the dimer model is the lack of in
vivo evidence for the dimer. Typically, the dimer is prepared under non-physiological
conditions.16 However, a recent structural and biophysical study of Hydrogenobacter
therophilus (HT) Cytc552 expressed in Escherichia coli shows that dimer can be formed
in vivo with the amount of dimer formed correlated to the monomer stability.17
For more than half century, monomeric Cytc has been known to undergo a
conformational transition at alkaline pH known as the alkaline transition.1 The alkaline
transition has been used as a model system to study protein conformational transitions.
Here, we show that dimeric human Cytc can undergo the alkaline transition in a similar
manner as monomeric Cytc. We have solved an X-ray structure at 2.1 Å resolution of a
dimeric alkaline conformer and used biophysical methods to further elucidate the
properties of the alkaline transition of dimeric human Cytc. We observe a significant
conformational rearrangement to form the alkaline conformer of the human dimer
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relative to the conformation of equine dimer. The midpoint of the transition is near
neutral pH, 2.5 units lower than that of the monomer. The heme ligand exchange during
the alkaline transition, leads to a decrease in peroxidase activity as pH increases,
providing a pH-inducible switch that controls the peroxidase activity of the human dimer
near physiological pH.

MATERIALS AND METHODS
Protein Expression and Purification. Protein expression and purification were done as
previously described.18,12 Briefly, monomeric K72A human Cytc was expressed in BL21
(DE3) E. coli cells (BioRad, phage T1 resistant strain) transformed with the
pBTR(HumanCc) plasmid carrying the K72A variant. Cells were broken using a Q700
sonicator (Qsonica, LLC), and the lysate was cleared via centrifugation. Following 50%
ammonium sulfate saturation, precipitated protein impurities were removed via
centrifugation, and the supernatant was dialyzed against 12.5 mM sodium phosphate, pH
7.2, 1 mM EDTA, and 2 mM β-mercaptoethanol (β-ME). After batch absorption to CMSepharose Fast Flow resin pre-equilibrated to 50 mM sodium phosphate, pH 7.2, 1 mM
EDTA, 2 mM β-ME, protein was eluted with a linear gradient of NaCl (0 to 0.8 M) in the
same buffer. The protein was further purified using a HiTrap SP HP 5.0 mL column
coupled to an ÄKTAprime plus chromatography system (GE Health Life Sciences).
Purified protein was then oxidized with K3[Fe(CN)6], followed by Sephadex G25
chromatography to remove excessive K3[Fe(CN)6].
Dimeric Cytc was prepared as described elsewhere.12,13 Briefly, about 10 mg/mL
of monomeric protein was buffer exchanged into 50 mM potassium phosphate buffer, pH
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7.0, or 50 mM boric acid buffer, pH 9.5, by ultrafiltration, followed by addition of
ethanol to up to 70% (vol/vol). The protein solution was then centrifuged, flash frozen,
and lyophilized. The lyophilized protein precipitates were resuspended in 50 mM
potassium phosphate buffer, pH 7.0, or 50 mM boric acid buffer, pH 9.5, at 37 °C for 45
minutes. Dimeric Cytc was purified from resuspended protein solution by size exclusion
gel chromatography using a BioRad SEC-70 column (catalog no. 780-1070) coupled to
an ÄKTA-FLPC (GE Health Life Sciences) with 50 mM potassium phosphate buffer, pH
7.0, or 50 mM boric acid buffer, pH 9.5. Purified dimeric Cytc was used immediately.
Measurement of the Alkaline Conformational Transition. The alkaline
conformational transition was monitored as a function of pH at 695 nm, A695, and 622
nm, A622, using a Beckman Coulter DU 800 spectrometer at 22 ± 2 °C, as previously
described.19 Briefly, a 2× stock solution of ~100 μM oxidized dimeric Cytc in 200 mM
NaCl was prepared. The 2× stock was diluted to a 1× stock by adding an equal volume of
Milli-Q water. pH was measured with a Denver Instrument UB-10 pH/mV meter using an
Accumet double junction semi-micro pH probe (Fisher Scientific, catalog no. 13-620852). Data were corrected for instrument drift over the course of the titration using 750
nm as a baseline (A695corr = A695 - A750 and A622corr =A622 - A750). A695corr and A622corr were
converted to the corrected extinction coefficient, ε695corr and ε622corr, by dividing by heme
concentration determined using the published extinction coefficients for the isosbestic
points at 526.5 and 541.75 nm for spectra near neutral pH.20
Plots of ε695corr and ε622corr versus pH for dimeric Cytc were fit to a modified form
of Henderson-Hasselbach equation, eq. 5.1.

ελcorr =

𝑛[pH1/2 − pH]

εN +εAlk ×10
1+10

𝑛[pH1/2 − pH]

191

(5.1)

In eq 5.1, εN is the corrected extinction coefficient at 695 nm or 622 nm for the native
state with Met80 bound to the heme or H2O bound to the heme, respectively, εAlk is
corrected extinction coefficient at 695 nm or 622 nm for the alkaline state with lysine as
the alkaline state heme ligand,21,22 pH1/2 is the midpoint pH of the alkaline transition, and
n is the number of protons linked to alkaline transition.
Structure Determination of Dimeric Cytc. Purified dimeric K72A human Cytc was
concentrated to ~12 mg/mL using centrifuge ultrafiltration (Amicon, Ultra-4 10000
MWCO). Prior to setting up screening, protein was mixed with ω-undecylenyl-β-Dmaltopyranoside (ω-UDM, Anatrace, catalog no. U310), yielding a final concentration of
protein of ~10 mg/mL. Initial screening for crystallization conditions were carried out
using JCSG and PEG screening kits and an initial hit was found in the JCSG core IV,
well A9 (0.1 M CHES, pH 9.5, 40% MPD). Further optimization was performed in 24well VDX plates by expanding the pH range and MPD concentration and incubated at 4
°C. Thin plate-shaped crystals were obtained with a 30% MPD, 0.1 M CHES (pH 9.9)
reservoir solution. Prior to X-ray diffraction analysis, crystals were cryoprotected with
20% glycerol and flash frozen in liquid N2.
An initial X-ray diffraction dataset was collected under cryogenic conditions (100
K) using the SMB beamline 14-1 of the Stanford Synchrotron Radiation Lightsource
(SSRL) and a Pilatus 6 M detector yielding a 2.2 Å dataset with 81% completeness.
Images were processed using iMOSFLM23 and scaled and merged using Aimless24 in
space group P1 (cell parameters: a = 35.7 Å, b = 49.6 Å, c =61.6 Å). Preliminary phases
were obtained by molecular replacement using MOLREP,25 incorporated in the CCP4i2
software suite,26 with monomeric human K72A Cytc (PDB Entry: 5TY3) as a search
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model. Continuous electron density was observed from residue
Table 5.1. X-ray crystallography and data collection and
refinement statistics.
PDB code
Beamline
Wavelength (Å)
Resolution range (Å)
Space group
Unit cell dimensions
a, b, c (Å)
, ,  (◦)
Unique reflections
Multiplicity
Completeness (%)
Wilson B-factor
Rmerge†
Rwork§
Rfree

APS 19-ID
1.0
43.11-2.08
(2.15-2.08)*
P1
35.7, 49.6, 61.6
78.0, 79.0, 90.2
22075 (1757)*
3.0 (2.6)*
90.5 (72.4)*
26.61
0.14 (0.60)*
Refinement
0.179 (0.217)*

§

0.234 (0.290)*
Number of total atoms
3525
protein
3244
heme
172
solvent
109
Total protein residues
412
RMS (bonds, Å)
0.03
RMS (angles, ◦)
2.86
Ramachandran favored (%)††
95.10
Rotamer outliers (%)††
1.23
Average B-factor (Å2)
38.34
Macromolecules (Å2)
38.94
Ligands (Å2)
25.64
2
Solvent (Å )
40.60
*Data for highest resolution shell are given in brackets. †Rsym =∑hkl ∑i | Ii
(hkl)- I (hkl)|/ ∑hkl ∑i Ii (hkl) where Ii (hkl) is the ith observation of the
intensity of the reflection hkl. §Rwork =∑hkl || Fobs|-|Fcalc||/ ∑hkl |Fobs|,
where Fobs and Fcalc are the observed and calculated structure-factor
amplitudes for each reflection hkl. Rfree was calculated with 5% of the
diffraction data that were selected randomly and excluded from
refinement. ††Calculated using MolProbity.
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70 to an adjacent symmetry-related molecule. Feature enhanced map,27 integrated into the
PHENIX software suite,28 was used to help with initial model building. Thus, a Cterminal domain-swapped dimer model was built from the initial electron density map. A
better 2.1 Å dataset with 90.5% completeness was collected under cryogenic conditions
using the SBC beamline 19-ID of the Advanced Photon Source (APS). Diffraction data
were scaled in the same space group using iMOSFLM and Aimless. Phases were
determined by MOLREP using the previously refined dimer structure as a search model,
integrated into the CCP4i2 software suite. The refinement was carried out using both
REFMAC29 and PHENIX.28 The structural model was further refined by multiple rounds
of manual model rebuilding with COOT.30 Data collection and refinement statistics of the
final model are summarized in Table 5.1. All figures were produced with PyMol.31
Guaiacol Assay of Peroxidase Activity. Peroxidase activity was measured with the
colorimetric reagent, guaiacol, using previously reported conditions and
procedures.19,18,33 The reaction was monitored at 25 °C using an Applied Photophysics
SX20 stopped-flow apparatus. The formation of tetraguaiacol from guaiacol and H2O2 in
the presence of Cytc was monitored at 470 nm. 4× Cytc (4 μM) in 50 mM buffer was
mixed in a 1:1 ratio with 4× guaiacol in 50 mM buffer to produce a 2x Cytc 2× guaiacol
stock in 50 mM buffer. This solution was mixed 1:1 with 2× H2O2 (100 mM) in 50 mM
buffer using the stopped-flow instrument yielding a final solution containing 1 μM Cytc,
50 mM H2O2 and guaiacol at the desired concentration in 50 mM buffer (MES, pH 6;
phosphate, pH 7; Tris, pH 8). H2O2 concentration was determined using the extinction
coefficient of H2O2 (ε240 = 41.5 M-1 cm-1; average of published values).34,35 Guaiacol
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concentration was determined spectroscopically (ε274 = 2,150 M-1 cm -1).36 Final guaiacol
concentrations were 0, 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 80, and 100 μM.
The segment of the A470 versus time data with the greatest slope following the
initial lag phase was used to obtain initial velocity, ν, at each guaiacol concentration. The
data were fit to a linear equation and the slope from five repeats was averaged. The slope
(dA470/dt) was divided by the extinction coefficient of tetraguaiacol at 470 nm (ε470 =
26.6 mM-1cm-1)37 and multiplied by 4 (4 guaiacol consumed per tetraguaiacol produced)
to give the initial rate of guaiacol consumption, ν. The initial rate, ν, was divided by Cytc
concentration, plotted against guaiacol concentration and fit (SigmaPlot v.13) to eq. 5.2
to obtain Km and kcat values.

𝑣
𝑘cat ∙ [Guaiacol]
=
[Cyt𝑐]
𝐾m + [Guaiacol]

(5.2)

RESULTS
Crystal Structure of Dimeric Human Cytochrome c Alkaline Conformer. Here we
used the K72A variant of human Cytc, whose monomeric form has been well
characterized.18 Dimeric K72A Cytc was crystallized in the presence of the detergent, ωUDM, using MPD as a precipitant. The crystal was grown near pH 9.9 using CHES
buffer and diffracted to 2.1 Å resolution. Each asymmetric unit contains four molecules,
two dimers. Domain-swapped dimer (ds(Cytc)2) K72A Cytc possesses approximate 2fold symmetry, in which the C-terminal α-helix of the protein is swapped between the
subunits of dimer (Figure 5.1A). Although ds(Cytc)2 was crystallized in the presence of
ω-UDM, we did not observe electron density that could be assigned to the detergent.
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Residues 50-54, which
are part of detergent
binding cavity in the
yeast dimer,12 exhibit
poor electron density
(Figure 5.1B). The
average B-factor for
the protein is 39.06 Å2,
whereas the B-factors
for residues 50-54 are
between 94-129 Å2,
which is consistent
with poor electron
Figure 5.1. X-ray crystal structure of domain-swapped dimeric
Cytc. (A) Structure of dimeric human Cytc alkaline conformer.
A close-up view of the heme, Lys79 and Met80 are shown
(Left). (B) Ω-loop C close-up view showing the 2│Fo│-│Fc│
electron density map contoured at 1.2 σ. (C) Overlay of
monomeric K72A human Cytc (gray; PDB entry 5ty3) with a
subunit of the dimeric K72A human Cytc alkaline conformer
(chain A, cyan; chain B, violet).

density for those
residues. Thus, we
cannot rule out the
possibility that ωUDM is present, but

disordered, in the crystals with the current diffraction dataset. Ω-loop D (residues 70-85),
which contains the axial heme ligand Met80 has been rearranged into a helical linker
between the two protomers. There are minimal structural changes in the protomers of
dimer relative to monomer (Figure 5.1C). The helical linker and C-terminal helix together
form a 40.6 Å length helix. Starting at Lys88, the domain-swapped C-terminal helix
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superimposes well with its position in monomeric K72A human Cytc (Figure 5.1C).
Perturbation of Ω-loop D extends from residues 70 to residue 87. K72A human ds(Cytc)2
also possesses Lys79-heme ligation (Figure 5.1A). It is known that Lys residues in Ωloop D can displace Met80-heme ligation at between pH 7 and 9 for monomeric yeast
iso-1-Cytc19 and between pH 8-10 for monomeric human Cytc,18 and the Lys bound
conformer is known as the alkaline conformer.
Comparison with Domain-Swapped Dimers of Yeast Iso-1 and Equine Cytc.
Previously, we and others have reported yeast iso-1 and equine ds(Cytc)2
structures.12,13,14,38 Yeast iso-1 ds(Cytc)2 is formed during crystallization spurred by
detergents, and equine ds(Cytc)2 is prepared by treatment with ethanol or denaturants.
Both the yeast and equine dimer crystals were grown at or near neutral pH. The structures
of the yeast and equine dimers have many similarities. Both the yeast and equine dimers
have H2O-heme ligation and Ω-loop D acts as the hinge loop that connects two
protomers. The K72A human ds(Cytc)2 Ω-loop D together with C-terminal helix
rearranges into an extended helix that provides for Lys79-heme ligation. The K72A
human ds(Cytc)2 crystals were grown near pH 10 using CHES buffer, which allows
Lys79 from Ω-loop D to displace the H2O- or Met80-heme coordination observed for the
yeast and equine dimers crystalized near neutral pH. Ω-loop D acts as a relatively flexible
hinge loop in the yeast iso-1 and equine dimers, allowing each protomer to adopt the
most favorable orientation in crystal packing relative to the other protomer. Thus, the
specific orientation of dimer subunits in these structures likely represent individual
conformations from a broader ensemble.
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The sidechain orientation of Tyr74 in dimeric yeast iso-1-Cytc is drastically
different from that observed in the equine dimer and the monomers, allowing the
insertion of hydrocarbons. In the alkaline state of human dimeric Cytc, the sidechain
orientation of Tyr74 is more in line with that observed in dimeric yeast iso-1-Cytc with

Figure 5.2. Comparison of the sidechain orientation of Tyr74. (A) Overlay of the
structures of equine Cytc monomer (dark gray) and equine Cytc dimer (light magenta).
(B) Overlay of the structures of yeast iso-1-Cytc dimer (yellow, PDB entry 5KKE) and
human dimeric Cytc alkaline conformer (cyan).
minor differences due to the different structure of the linker regions (Figure 5.2). Given
that the electron density is not well resolved in the 50’s helix, it is possible that ω-UDM
is present, but disordered like the 50’s helix.
Thermodynamics of the Alkaline Conformational Transition of the K72A Human
Dimer. For more than half a century, monomeric Cytc has been known to undergo a
conformational transition in the alkaline pH regime.39 The alkaline conformer of
monomeric Cytc has gained particular interest because the stability of Ω-loop D generally
correlates well with the thermodynamics of the alkaline transition.40,41 Furthermore, there
is often a correlation between stability of Cytc with respect to the alkaline conformational
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transition and the accessibility of states which promote peroxidase activity.19 However, it
is important to note that lysine is a much stronger ligand than methionine for Fe(III), so
ultimately the alkaline conformer shuts off peroxidase activity.37
The mechanism of alkaline conformational transition for monomeric Cytc is well
studied, and is generally consistent with a rapid deprotonation

Table 5.2. Thermodynamic parameters for the
alkaline conformational transition of human Cytc
Monomer and Dimer at 25 oC in 0.1 M NaCl.
Protein

pH1/2

n

Monomer
WTa

9.54 ± 0.03

1.03 ± 0.03

K72Aa

10.0 ± 0.1

0.98 ± 0.06

Dimer
K72A (695 nm)

7.6 ± 0.1

0.9 ± 0.2

K72A (625 nm)

6.8 ± 0.2

0.7 ± 0.2

a

Parameters are from ref.18 and were collected at 22 ± 2 oC in 0.1 M NaCl.

equilibrium, which triggers a conformational rearrangement in which a lysine from Ωloop D replaces the Met80 heme ligand. The alkaline conformational transition of
monomeric Cytc involves equilibria between two low-spin heme species, namely a
lysine-heme conformer and Met80-heme conformer. The situation is more complex for
dimeric Cytc. Spectroscopically, the equine and yeast dimers retain absorbance at 695 nm
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in solution, indicating a mixture of Met80 and water ligation to the 6th coordination site
of the heme.12,13 Thus, the local unfolding thermodynamics was determined by pH
titration, monitored at 622 nm to follow the loss of H2O-heme ligation42 and at 695 nm to
follow the loss of Met80-heme ligation.43 The pH titration data were fit to eq. 5.1
(Materials and Methods), a modified form of Henderson-Hasselbach equation, yielding
the midpoint pH, pH1/2, of the alkaline transition and the number of protons, n, involved
in the alkaline transition (Figure 5.3 and Table 5.2). Fits from both 622 nm and 695 nm
data show that the number of protons, n, linked to the conformational change is
approximately
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Figure 5.3. Plots of ε622corr and ε695corr versus pH for the alkaline transition of the
human dimeric Cytc. Data were collected at room temperature (22 ± 2 °C) in 0.1 M
NaCl solution. Solid lines are fits to eq 5.1 in Experimental Methods.
equal to 1 (Table 5.1), consistent with a one proton process as normally observed for the
alkaline transition of monomeric Cytc.18 The pH1/2 from the fits yield 6.8 ± 0.2 for 622
nm data and 7.6 ± 0.1 for 695 nm data, which are both 2.5 to 3 pH units lower than pH1/2
for monomeric K72A human Cytc (pH1/2 = 10).18
Peroxidase Activity of K72A Human ds(Cytc)2. Cytc gains peroxidase activity under
apoptotic conditions, allowing Cytc to oxidize CL facilitating the release of Cytc into the
cytoplasm where it binds to Apaf-1 to form the apoptosome. To assess the peroxidase
activity of K72A human ds(Cytc)2, we used a colorimetric assay based on guaiacol as a
substrate. Michealis-Menten plots with respect to guaiacol concentration were generated
to permit extraction of kcat and KM across the pH range 6 to 8 (Figure 5.4a). The K72A
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Figure. 5.4. Peroxidase activity of monomeric and dimeric K72A Hu Cytc. (a) kcat
versus pH for dimeric (red bars) and monomeric (black bars) Hu Cytc. Error bars are the
standard deviation from three independent experiments. (b) Michaelis-Menten plots for
the dimeric K72A Hu Cytc at pH values from 6 to 8. The solid curves are fits to eq 5.2
(Experimental Methods). Data were acquired at 25 °C in 50 mM buffer. Data for the
K72A monomer are from ref.18
human ds(Cytc)2 shows significant enhancement in kcat relative to previously reported
monomeric K72A human Cytc (Figure 5.4, Table 5.3).18 As expected, kcat of ds(Cytc)2
increases as pH decreases. kcat increases ~17 fold at pH 6, and ~3 fold at pH 7 and 8 for
ds(Cytc)2 relative to the monomeric form. The KM values with respect to guaiacol
concentration for K72A human ds(Cytc)2 are similar to monomeric K72A human Cytc.

DISCUSSION
There is an ongoing intense debate about Cytc/CL binding mechanism in the early
stages of the intrinsic apoptosis pathway, and its relationship to the peroxidation of CL.
Engagement of ds(Cytc)2 in the peroxidase activity is appealing because of the physical
properties of the dimeric Cytc. We previously identified a well-defined binding cavity for
hydrocarbons by solving three structures of the yeast iso-1 ds(Cytc)2 each with a different
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Table 5.3. Michaelis-Menten Parameters as a Function of pH at 25 oC
for the Peroxidase Activity of monomeric and dimeric K72A Hu Cytc
pH

kcat, s-1

Km, M
K72A

K72A

K72A

monomera dimer

monomera

dimer

6.0

15 ± 2

18 ± 2

0.099 ± 0.008 1.760 ± 0.080

7.0

6.5 ± 0.7

6±1

0.183 ± 0.001 0.690 ± 0.050

8.0

11.3 ± 0.3

11 ± 1

0.169 ± 0.006 0.570 ± 0.060

a

K72A

Parameters from references18

detergent.12 The structures show that a configuration with an available coordination site is
achieved upon hydrocarbon binding.12 Results from other labs performed on ds(Cytc)2
demonstrate that the dimer possesses enhanced peroxidase activity,15 consistent with the
heme configuration observed in the X-ray structures, binds to 1:1 1,2-dipalmitoyl-snglycero-3-phosphoglycerol (DPPG)/1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) liposomes more tightly than monomeric Cytc, which could be conferred by the
flexibility of the hinge loop making the overall structure more flexible and the higher
total charge of the dimer, and remodels membranes of mammalian cells more potently
than monomeric Cytc.44
Previous work was done near neutral pH. The alkaline conformational transition
of monomeric Cytc has been studied intensively45,46,22 by different groups. Determining
the atomic resolution structure of the alkaline form of monomeric Cytc by X-ray
crystallography has proven to be difficult. A possible explanation is the presence of more
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than one conformer. To date, there are two high resolution structures of the alkaline form
of monomeric Cytc solved by either X-ray crystallography or solution NMR.47,48 For
both cases, Lys73 occupies the sixth ligand position, leading to an increase in solvent
accessibility of the heme. Because monomeric Cytc undergoes the alkaline transition at
relatively high pH (pH1/2 = 10 for K72A human Cytc), it is unlikely to be directly
involved in initiation of intrinsic apoptosis. Thus, for monomeric Cytc, the alkaline
transition is used as a model system to study the accessibility of alternate conformers of
the protein.49,50,46 In this work, we focus on addressing the alkaline transition of dimeric
Cytc.
For monomeric Cytc, the alkaline conformational transition equilibrium is
between two low spin heme species. For dimeric Cytc, the alkaline conformational
transition equilibria involves two low spin heme species and a high spin heme species.
For dimeric Cytc, high spin heme species presumably H2O bound to the heme and a low
spin heme species corresponding to Met80 bound to the heme co-exist near neutral pH
(Figure 5.3 and Table 5.2). The nature of conformational heterogeneity in dimeric Cytc
can partially explain why it is difficult to obtain diffraction quality crystals near neutral
pH.
The pH of the intermembrane space of mitochondria is more acidic (pH = 6.88 ±
0.08) than the matrix (pH = 7.8 ± 0.2) or the cytosol (pH = 7.59 ± 0.01).51 Thus, in
contrast to monomeric Cytc, the alkaline conformational transition of dimeric Cytc is
physiologically relevant. Lysine is known to be a strong heme ligand (stronger than
Met80-heme ligation), which will inhibit the peroxidase activity of Cytc.37 The H2Oheme conformer is strongly populated at pH 6. The Met80-heme conformer appears to be
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dominant at pH 7, and Lys-heme conformer is dominant at pH 8. Structures of the H2Oheme conformer have been determined by various labs for Cytc from various species.12,38
With H2O-heme ligation, dimeric Cytc is competent to perform peroxidase activity.
Investigation of dimeric equine Cytc suggests that the enhanced peroxidase activity of
dimeric Cytc is mainly due to fast formation of Compound I owing to the pentacoordinated heme configuration.15 Conversely, Lys is known to bind to the heme iron
strongly, which is not favorable for ligand exchange. Thus, the Lys-heme conformer is
expected to possess low intrinsic peroxidase activity.
Our peroxidase measurements across pH range 6 to 8 show that human dimeric
Cytc peroxidase activity follows the trend pH 6 > pH 7 > pH 8. It is noted that human
dimeric Cytc peroxidase activity is ~3-fold higher than for monomeric human Cytc both
at pH 7 and 8 and the peroxidase activity at pH 7 and 8 is comparable. The result is
consistent with above-mentioned proposal that fast formation of Compound I is the main
contributor to enhanced peroxidase activity for dimeric Cytc. Because both the Met80heme conformer and the Lys-heme conformer need to undergo ligand exchange to H2Oheme conformer to perform peroxidase activity, slower ligand exchange may be the ratelimiting step for peroxidase activity at these pH values.
Although the dimeric structure we present here is substantially different from
previously reported dimeric Cytc structures, a similar structure with a long helix acting as
the linker has been observed for domain-swapped myoglobin.52 The myoglobin monomer
contains eight α-helices, and helices 5 and 6 together with the loop between them form a
long α-helix linker in the myoglobin dimer, resulting in a domain-swapped structure.
Moreover, Hirota and colleagues speculate that long α-helix linker of the dimer hinders
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the formation of higher-order oligomers.
One of the biggest concerns of the dimer model is the degree to which it populates
in vivo. Formation of the dimer in vivo is essential for a role in initiation of intrinsic
apoptosis in vivo. Detection of Cytc ex vivo or in vivo has been challenging, and the
occurrence of alternative Cytc conformers has been mainly documented in in vitro studies
employing X-ray crystallography12,33,13 or fluorescence resonance energy transfer to
quantify conformational heterogeneity of monomeric Cytc upon interaction with CL
containing membranes.6 Given that the size of Cytc is relatively small (molecular weight
of dimeric Cytc is ~25 kDa), it would be unsuitable to utilize current electron
tomography method to directly detect it. There are several monoclonal antibodies that can
detect non-native forms of monomeric Cytc like 7H8,53 which recognizes the carboxyl
terminus of monomeric Cytc. However, lack of a dimer-specific antibody makes cell
biology approaches challenging. To circumvent this problem, super resolution
fluorescence microscopy together with single particle tracking methods appears to be a
feasible route to pursue to further investigate the role of dimeric Cytc in vivo.

CONCLUSION
We report the first structural characterization of an alkaline form of human
dimeric Cytc. Above pH 8, the Lys-heme conformer is dominant in human dimeric Cytc.
The overall structure of human dimeric Cytc is largely similar to human monomeric Cytc
with Ω-loop D being the only segment undergoing significant structural rearrangement.
Unlike reported dimeric yeast iso-1 and equine Cytc structures with Ω-loop D acting as a
flexible hinge loop to connect two protomers, Ω-loop D the C-terminal helix of human
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dimeric Cytc merge to form a long helix in the alkaline domain-swapped dimer structure.
The axial heme ligand for the human dimeric Cytc structure we present here is Lys79. pH
titration experiments show that the alkaline transition of human dimeric Cytc involves
three species, namely a Met80-heme conformer, an H2O-heme conformer, and a Lysheme conformer and that the conformational switch occurs at physiologically relevant
pH. Peroxidase activity measurements as the pH decreases from 8 to 6 demonstrate that
human dimeric Cytc exhibits a significant peroxidase activity enhancement across the pH
range 8 to 6 that is not observed for monomeric human Cytc. The enhanced peroxidase
activity is consistent with the change in axial heme ligation providing a molecular switch
to activate the peroxidase activity of Cytc near the pH 6.8 prevalent in the mitochondrial
intermembrane space.
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Chapter 6: Conclusions and Future Directions
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Cytochrome c (Cytc) is an extreme multifunctional protein, whose primary
function is to shuttle electrons from complex III to complex IV in the electron transport
chain. Later, it was discovered that Cytc is an important mediator of the intrinsic
apoptotic pathway. Upon apoptotic stimuli, Cytc, which is converted from an electron
shuttle to a peroxidase, oxidizes cardiolipin (CL), leading to release of Cytc from the
IMM. The oxygenated CL assists in permeabilizing the outer mitochondrial membrane
(OMM) allowing release of Cytc into the cytoplasm where it interacts with apoptotic
protease activating factor 1 (Apaf-1) committing the cell to apoptosis by forming the
apoptosome. In this dissertation, we investigated the structural factors that modulate the
peroxidase activity of Cytc and how Cytc has evolved to become an effective on/off
switch for the intrinsic apoptotic pathway.
Chapters 2 and 3 investigated the effects of evolutionary substitutions in -loop D
on the dynamics and peroxidase activity of Cytc. In chapter 2, we concluded that
humanlike G83V and A81I substitutions in -loop D of yeast iso-1-Cytc both lead to a
decrease in the rate of opening of the heme crevice in the dominant phase of the alkaline
conformational transition, which correlates well with a decrease in kcat for peroxidase
activity at pH 7 and 8. In chapter 3, we find that the V83G substitution in Ω-loop D of Hu
Cytc only modestly affects global stability although it increases the local stability of Ωloop D. The net effect of the V83G substitution on peroxidase activity is modest. On the
other hand, the I81A substitution decreases both the global stability of Hu Cytc and the
local stability of Ω-loop D. This effect on local stability appears to operate through a
specific alkaline conformer suggesting that the dynamics of -loop D may be bipartite.
The stability to acid unfolding is also decreased, increasing the accessibility of high spin
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heme, which is essential for peroxidase activity. The changes in the stability and
dynamics of the I81A variant correlate well with the increase in kcat for peroxidase
activity from pH 5 to 8 relative to WT Hu Cytc. These results indicate that evolution of
this residue to a more bulky amino acid was important in downregulating the intrinsic
peroxidase activity of Cytc to make it a more effective signaling switch. However, the
evolutionary substitutions in -loop D do not sufficiently alter the intrinsic peroxidase
activity of either yeast iso-1 or human Cytc, indicating that the evolution of a heme
crevice resistant to peroxidase activity extends beyond -loop D.
In chapter 4, we studied the naturally occurring A51V variant of human Cytc. We
find that the A51V variant is similar to the other two reported naturally occurring Cytc
variants, G41S and Y48H. All three naturally occurring variants have lower global and
local stability than WT Hu Cytc. The A51V variant also is less stable to acid unfolding.
The kinetics of the alkaline conformational transition indicate that enhanced access to the
heme crevice needed for peroxidase activity results from a decrease in the pKH of the
trigger group for the alkaline conformational transition. The decrease in pKH caused by
these substitutions to -loop C may be due to changes in the environment of HP7 or
more broadly to their effects on release of a proton from the buried H-bond network of
Hu Cytc. By contrast, substitutions in -loop D appear not to affect the pKH of the
triggering ionization and thus must destabilize -loop D if enhanced peroxidase activity
is to result. For A51V, the pKH decreases for only one alkaline conformer, suggesting
that the dynamics of the loop are bipartite and have different triggering ionizations. A
similar bipartite effect on the stability of -loop D is observed for -loop D variants.
The enhancement of peroxidase activity below pH 7 appears to result from destabilization
214

of -loop C and may be linked to protonation of HP6 or His26. The latter effect may be
more important for biologically relevant peroxidase activity given the pH of the
intermembrane space.
In chapter 5, we report the first structural characterization of an alkaline form of
human dimeric Cytc. Above pH 8, the Lys-heme conformer is dominant in human
dimeric Cytc. The overall structure of human dimeric Cytc is largely similar to human
monomeric Cytc with Ω-loop D being the only segment undergoing significant structural
rearrangement. Unlike reported dimeric yeast iso-1 and equine Cytc structures with Ωloop D acting as a flexible hinge loop to connect two protomers, Ω-loop D and the Cterminal helix of human dimeric Cytc merge to form a long helix in the alkaline domainswapped dimer structure. The axial heme ligand for the human dimeric Cytc structure we
present here is Lys79. pH titration experiments show that the alkaline transition of human
dimeric Cytc involves three species, namely a Met80-heme conformer, an H2O-heme
conformer, and a Lys-heme conformer and that the conformational switch occurs at
physiologically relevant pH. Peroxidase activity measurements as the pH decreases from
8 to 6 demonstrate that human dimeric Cytc exhibits a significant peroxidase activity
enhancement across the pH range 8 to 6 that is not observed for monomeric human Cytc.
The enhance peroxidase activity is consistent with the change in axial heme ligation
providing a molecular switch to activate the peroxidase activity of Cytc near the pH 6.8
prevalent in the mitochondrial intermembrane space.
Future Directions
The work presents in this dissertation can lead to several future directions. We
have investigated the evolutionary substitutions in Ω-loop D and find that Ω-loop D is
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not the only segment evolved to attenuate the intrinsic peroxidase activity of Cytc. Thus,
we will extend our work to investigating evolutionary substitutions in both Ω-loops C
and D using a model of coupled evolution. In addition, further investigation of human
dimeric Cytc will be performed. Employing EPR methods will allow us to probe the
population of high spin and low spin heme species at various pH values to complement
the results presented in chapter 5. Further, applying super-resolution microscopy methods
together with single particle tracking methods will allow us to study the dimeric Cytc in
vivo.
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